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The HIPERC project has examined the effects of alloying elements and processing 
conditions in low carbon, < 0.09 wt %., niobium containing, 0.05 - 0.12 wt.%, steels. 
Laboratory-scale heats and pilot rolling trials simulating air and water-cooled plate pro-
duction as well as hot-rolled strip production have been made. The effects of C, Mn, Ni, 
Cu, Cr, Mo, Nb, Ti and B, on transformation characteristics and temperatures of recrys-
tallisation have been determined along with regression equations for characterisation of 
microstructure, tensile and impact properties, and for the weldability of these steels. The 
properties of products processed commercially to plate and coil-plate and made into 
pipe and to plate for structural use were determined and these compared well with the 
values predicted from the regression equations. The project has shown that excellent 
combinations of strength, toughness and weldability can be obtained using this steel 
type.
Additional experiences have been gained in the processing of these steels through three 
commercial rolling mills and benefits were seen with this steel type due to higher produc-
tion rates and lower amounts of surface dressing compared with steels currently being 
used to satisfy equivalent property specifications. Recommendations on the limits for 
niobium in Euronorms have been proposed; concerns relating to weldability have been 
addressed by proposing varying limits based on the carbon and manganese contents of 
the steel. This report makes the output of this project available to CEN working groups to 
support the revision of Euronorms based on the gathered data. 
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1. Objectives 
 
The main objectives set at the outset of the project concerned the metallurgy of niobium-alloyed, 
low-carbon bainitic steels and their use in three particular product areas.  They were: 
• To determine composition - microstructure - property relationships for this type of steel 
• To define its limits in thick-walled pipe for X60 to X70 strength level 
• To explore its exploitation for thinner-walled pipe made from hot-coiled plate.  The 
strength levels aimed for were X70 to X100 
• To determine its applicability for general use for steels with yield stress in the range 
400 - 650 MPa, with particular regard to the weldability of the steel. 
• To carry out cost - benefit analyses for each product area concerned. 
• To identify and justify appropriate changes to the Euronorms concerned. 
 
2. Comparison of initially planned activities and work accomplished 
 
When the partners finalised the compositions and processing conditions to be included in the laboratory 
model, work-package 1, it was decided that four more elements, Mn, Cr, Cu and Ni, should be added to 
C, Nb, Mo and B in the experimental design and this resulted in 24 casts being made rather than the 10 
in the initial plan.  Six conditions were processed in the laboratory for each composition to simulate 
rolling reduction ratios of 2 and 4 below the no-recrystallisation temperature, with cooling rates 
between 850°C and 550°C, termed CR1, of 0.5°C/s, 10°C/s followed by air cooling, and 10°C/s 
followed by slow cooling, respectively.  These conditions were selected to simulate the slow cooling 
conditions in heavy plate mills without accelerated cooling, faster cooling in heavy plate mills with 
accelerated cooling, and in hot strip mills with coiling after rolling.   
It was decided that the most important properties to be determined on this increased number of 
compositions were those of tensile strength, impact toughness and weldability, and that fracture 
toughness testing would not be carried out.  These changes increased the amount of work to be carried 
out in work-package 1 and a rearrangement of the activities of each partner was considered necessary.  
In particular, all the casts were made by OCAS and University of Maribor completed all of the tensile 
testing.  For each type of test it was decided to carry out the testing in one laboratory to eliminate inter-
laboratory scatter. 
 
A breakdown in the first year on the vacuum furnace being used for steelmaking resulted in delays 
against the planned schedule for the laboratory model work-package.  When the casts were made, the 
aluminium levels on the laboratory cast steels containing 2.1 wt. % Mn were higher than the aim of 
0.03 wt. %, with levels in the range 0.057 – 0.096 wt. %, while one of the 1.5 wt. % Mn steels had a 
lower than planned level of 0.007 wt. %.  It was decided to accept the higher than planned aluminium 
level, but two of the 2.1 wt. % Mn steels also missed their designed carbon contents, having levels of 
0.09 wt. % instead of the planned 0.04 wt. %.  These two casts were re-made and the ‘mis-casts’ were 
processed in the laboratory along with feedstock from three of the commercial casts from 
work-packages 3 and 4, and one conventional X70 steel, containing 0.08 C, 1.66 Mn, 0.04 Nb, 0.08 V, 
to give additional conditions for the validation of the models.  These difficulties created subsequent 
scheduling issues through the test facilities, but the planned tests have all been completed. 
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Commercial rollings were made and processed with the following deviations from the initial plans.  In 
work-package 2, on thick-walled welded pipe, the range of thickness planned was 15 – 35 mm, but no 
available orders were received for pipe above 25.4 mm wall thickness and so three plate thicknesses, 
14.6 mm, 20.9 mm and 25.4 mm were processed and evaluated.  In work-package 3, hot-coiled plate for 
pipe, three trial casts were made at Ruukki, with 14 strips being rolled, and two casts were produced in 
Salzgitter, resulting in 12 strips.  Two strips were processed to high-frequency induction (welding 
process 291 to EN ISO 4063: 2000 [1] ) welded pipes, one strip was rolled for structural application in 
work-package 4, and the remaining strips were processed to spiral pipe.  Difficulties were experienced 
in completing girth-welding trials; girth welds without any visible surface defects were made on two 
pipes, but these were only completed in the final semester and it was only possible to complete a full 
evaluation of one spiral-welded pipe.  In work-package 4, plate for general construction, it proved not 
to be possible for OCAS to obtain coil-plate through one of the Arcelor mills and coil-plate from 
Salzgitter has been evaluated in the assessment of weldability.  Flat-rolled, air-cooled plate of 20 mm 
and 50 mm thickness was processed through one of the Corus plate mills.     
 
3. Description of activities and discussion 
 
The testing carried out in the laboratory consisted of processing plates to provide feedstock for material 
to be used in the determination of: CCT diagrams by dilatometry, recrystallisation temperatures using 
torsion tests, and weldability using a thermal cycle simulator to examine the effect of two cooling rates 
after reheating to 1250oC.  Plates were also processed to simulate six processing conditions that were 
evaluated by examination of the microstructure, using optical metallography and measurement of grain 
size using electron back-scattered diffraction, EBSD, and by determination of the tensile properties and 
impact toughness transition temperatures. 
When all the laboratory test results were available, multiple regression analyses were carried out on 
each parameter measured to determine the factors having a high significance.  This was done by 
calculating the p value, where this is defined as (Mean Square Regression / Mean Square Error), and 
including factors where p < 0.1 in the regression equations for each parameter.  The regression analyses 
were carried out using the nine elements controlled in the experimental design, namely C, Mn, Ni, Cu, 
Mo, Cr, Cu, Nb, Ti and B, and the processing factors of log10CR1, where CR1 was the cooling rate 
between 850°C and 550°C, log10CR2, where CR2 was the cooling rate between 550°C and 20°C, the 
rolling reduction below the no-recrystallisation temperature, RR, and the finish cooling temperature, 
TFC.  The regression equations were validated by using six compositions, the two ‘mis-casts’ and 
material from four commercially produced casts, processed through the laboratory under the same 
processing conditions. 
 
3.1. Microstructure 
 
The characterisation of microstructures by metallography can be subjective.  EBSD was used to 
quantify the grain size of the microstructure using boundary mis-orientation angles of 4o and 15o and 
the distribution of number fraction against mis-orientation boundary angle was recorded using 
mis-orientation angle maps.  Ferritic and bainitic microstructures show characteristic maps.  An 
approach was developed that classified the microstructures on the basis of the ratio of the grain sizes 
determined with these two mis-orientation angles.  Ferritic microstructures were described as having a 
ratio d15º/d4º < 1.25, with a characteristic value of 1.125.  Bainitic microstructures were described by a 
lower limit and a characteristic d15º/d4º ratio of 1.6 and 1.9 respectively.  There were samples that 
presented a mixture of ferrite and bainite, and even with EBSD maps it is difficult to differentiate 
between such microstructures.  They have been described as acicular ferrite and defined by 1.25 < 
d15º/d4º < 1.6.  The microstructures in the air-cooled condition were ferrite and pearlite in 37 out of the 
52 samples from the experimental casts.  
3.2. Transformation characteristics 
 
Continuous cooling transformation diagrams were constructed using dilatometer studies; samples were 
heated to 1200°C at a heating rate of 5°C/s and held for 10 minutes.  The samples were cooled at 5°C/s 
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to 1050°C and held for 3 s before applying a strain of 0.6, at a rate of 3/s, then cooled again at 5°C/s to 
850°C when a second deformation of 0.6 strain was applied at 3/s.  Nine cooling rates between 95°C/s 
and 0.3°C/s were applied and the hardness and microstructures were evaluated.  A set of 29 CCT 
diagrams has been constructed and these are presented in Appendix A.  Regression equations for the 
hardness of the formed microstructure were determined for three different cooling rate ranges and these 
have been described as applying to the cooling rates for formation of bainite, martensite and ferrite.  
Niobium was a significant factor in the bainite hardness equation.  Martensite hardness is often 
considered to be a function only of the carbon content.  The microstructures formed on applying the 
faster cooling rates, as given by the equation described as martensite hardness, were not necessarily 
martensitic and the inclusion of boron, molybdenum, manganese and chromium as significant factors in 
the regression analysis may be due to an effect of these elements on the hardenability of the steel.  The 
hardness of the validation casts was well predicted by the equations, except at the slower cooling rates 
for ferrite formation where hardness was underestimated.  
Temperatures of no-recrystallisation were determined from plots of the mean flow stress against the 
inverse of the absolute temperature following the procedure developed by Jonas and co-workers.  This 
type of plot also allows the start, Ar3, and end, Ar1, temperatures for the austenite transformation to be 
determined.  The mean flow stress has been defined as the area under each stress-strain curve divided 
by the pass strain determined from multi-pass torsion tests.  A second method for the characterisation of 
the recrystallisation behaviour during the torsion tests was applied.  From the stress-strain curves 
obtained in multi-pass tests, the anisothermal interpass fractional softening (FS) was determined 
following the procedure proposed by Liu and Akben [2].  From the plot of FS vs. Inverse Absolute 
Temperature two characteristic temperatures were derived, the recrystallisation limit temperature, RLT, 
indicating the temperature below which softening is less than 100%, and the recrystallisation stop 
temperature, RST, indicating the temperature below which no softening is observed between 
deformation passes.  The findings showed that only boron had a significant effect on all of the 
recrystallisation temperatures, molybdenum was the only other significant factor on the RST and 
chromium the other significant factor on the RLT.  The results of Djahazi et al. have demonstrated that 
boron accelerates the precipitation process by increasing the precipitation start temperature and 
reducing the precipitation start time.  This means that precipitation is able to retard recrystallisation at 
higher temperatures than in steels containing only Nb, thus leading to an increase of the temperature of 
no-recrystallisation.  The effects of Mo and Cr in retarding recrystallisation are due to solute drag.  The 
absence of niobium as a significant factor may be due to saturation having already occurred at a 
niobium level of 0.05 wt. % in steels with these levels of alloying.  Ar3 and Ar1 temperatures did show 
larger effects of composition with C and B have the strongest effects followed by Ni, Mn and Cu, all of 
which lowered the transformation temperatures. 
 
3.3 Mechanical properties 
 
Tensile testing was carried out using round tensile specimens with 25 mm gauge length and 5 mm 
diameter and an optical deformation and strain measurement system was used to determine the 
stress-strain curves.  Duplicate specimens were taken from most plate conditions and there were some 
examples of markedly different tensile properties from within a plate, which may have been due to 
centre-line segregation.  Repeat tests and some filtering of the results were carried out to remove results 
considered to be affected in this way.  Seven out of nine of the alloying elements were found to be 
significant factors in the regression analysis for tensile strength and six were significant in the 
regression analysis for 0.2% proof stress.  Copper was not found to be a significant factor in either 
proof stress or tensile strength.  Correlation coefficients, R2 adjusted, were high at 0.83 and 0.75 for 
tensile strength and proof stress respectively.  The significant alloying elements all had positive 
constants indicating that they increased strength, and for both parameters niobium was a significant 
factor.  The niobium constant was equivalent to 65 MPa increase in tensile strength per 0.1 wt. % 
addition and 50 MPa increase in proof stress per 0.1 wt. % addition.  Faster cooling rates between 
850°C and 550°C and slower cooling rates between 550°C and 20°C both increased strength.  The 
rolling reduction ratio was not a significant factor on the strength. 
Charpy impact tests were carried out to EN 10045 using an impact-testing machine with an energy 
capacity of 1448 J and an impact velocity of 7.74 m/s.  The number of samples varied between 8 and 20 
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samples per plate.  Impact transition curves were determined by means of the modified tanh-fitting 
algorithm of Wallin.  Impact transition temperatures were calculated for two criteria; the first was for 
27 J and the second was for half the upper shelf energy, described at 0.5Kvmax.  For both values of 
impact transition temperature, niobium was not found to be a significant factor.  Increasing C, B, Mn, 
Cr and Mo increased the impact transition temperatures while increasing Ni, Cu and rolling reduction 
ratio lowered the impact transition temperatures.  The ability to predict impact transition temperature on 
the validation samples was less good on the higher carbon content steels.  After casting, one of the 
steels produced was found to contain lower than planned levels of aluminium and titanium and the 
impact transition temperature of this steel was found to be ~ 50°C higher than the other steels with 
similar manganese content for all of the six rolled conditions.  The cooling rate between 850°C and 
550°C was not found to be a significant factor on the transition temperatures.  Increasing the reduction 
ratio lowered the transition temperatures, while slower cooling from 550°C to 20°C raised them. 
Summarising the findings of the significant factors in the tensile and impact analyses, the conclusions 
drawn were that increasing C, B, Mn, Mo and Cr increased strength while raising impact transition 
temperatures, increasing Ni and Ti tended to increase strength while lowering transition temperatures, 
increasing Nb increased strength but had little effect on transition temperatures, and increasing Cu had 
little effect on strength but lowered transition temperatures.  Increasing the reduction ratio had little 
effect on strength but lowered transition temperatures, faster cooling rates between 850°C and 550°C 
increased strength but had little effect on transition temperatures, and slower cooling rate from 550°C to 
20°C increased strength while raising transition temperatures.  
Six casts were produced in total in the work-packages examining the commercial processing of steels 
and the tensile and impact toughness transition temperatures measured on these products were 
compared with the values predicted by the regression equations from the laboratory models.  Tensile 
strength was well predicted for all of the steels, but the prediction of proof stress tended to higher than 
that measured. Impact transition temperatures were reasonably well predicted for four of the six casts, 
but for the other two steels the prediction was poor.  Prediction of results from two published papers 
reporting other laboratory rolled plate experiments gave good agreement with the reported properties.  
3.4 Weldability 
 
Welds were made using various welding processes: submerged arc, reduced pressure power beam, 
autogenous laser and hybrid laser/MAG.  The impact transition curves of specimens taken at various 
locations in the welds were determined and these showed that the steel had similar weldability to 
structural steels currently produced to S355 and S450 grades.  Laboratory scale simulation of the weld 
HAZ has been carried out using a thermal cycle simulator to examine the effect of cooling rate.  
Samples were reheated to 1250°C and cooled at two controlled rates through the temperature range 
800 – 500°C.  The time taken through this temperature range is referred to as t8/5 and the two times used 
in the simulations were 8 s and 30 s.  Charpy impact tests were carried out on a machine with an energy 
capacity of 300 J and impact transition curves were determined by tanh fitting.  Impact transition 
temperatures were determined as for the rolled conditions.  Hardness values were measured for the 
rolled condition and the simulated welds.  Ni and Mn were the only two elements that were significant 
in the regression equations for both 27 J ITT and 0.5Kvmax ITT, and both of these elements had 
negative constants indicating that increasing Ni and Mn had the beneficial effect of lowering the impact 
transition temperatures.  For the 0.5Kvmax ITT, C was also a significant factor with a positive constant.  
Niobium was not a significant factor in either regression, but its constant was negative indicating that 
its tendency was not detrimental to weld toughness.  
Properties considered to be of concern in downstream processes were identified and a limited number 
of results obtained for through thickness ductility, strain ageing, and post weld heat treatment.  Through 
thickness ductility levels of > 60% were recorded and little effect of ageing was seen at 250°C.  Post 
weld heat treatment did show that the impact transition temperature was increased, by as much as 50°C, 
but this effect is also seen in other micro-alloyed steels currently used.  
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4. Conclusions 
 
The project has been successful in predicting properties in commercially rolled products on the basis of 
the models produced by multiple linear regression on the data determined from the laboratory rolled 
plates.  It has demonstrated that a low-carbon, high-niobium chemistry allows the full-scale production 
of (1) S420ML in 50 mm thickness and S460ML in 20 mm thickness plate using lower levels of 
controlled rolling and with air-cooling, and (2) the properties of L450MB - L555MB to be achieved in a 
cost-effective way without the use of more expensive alloying elements such as molybdenum and 
vanadium.  
The experience gained in the project has highlighted benefits in using low-carbon, high-niobium steels; 
of particular note was the good slab surface quality, the ability to process at higher temperatures and 
with shorter holding periods resulting in lower mill loads and higher productivity, and the achievement 
of specified properties with lower alloying cost.  
The regression equations determined for the prediction of properties are shown below.  These equations 
are applicable for cooling rate between 850 °C and 550 °C, CR1, of 0.5 °C/s and 17 °C/s, for cooling 
rate between 550 °C and 20 °C, CR2, of 0.008 °C/s and 0.25 °/s, and for rolling reduction ratio of 2 to 
4. 
 
Critical and Phase Transformation Temperature Models (T oC, weight %) 
Recrystallisation limit temperature, RLT, ºC  = 1034 + 12250B + 36Cr 
Temperature of no recrystallisation, Tnr, ºC = 1014 + 18000B 
Recrystallisation stop temperature, RST, ºC = 897 + 19000B + 70Mo 
Ar3, ºC      =  990 - 8600B - 550C - 90Mn - 75Ni - 26Cu 
Ar1, ºC      = 860 - 5500B - 390C - 65Ni - 56Mn 
CCT hardness values 
Three equations were determined that applied to different cooling rate ranges dependent on steel 
composition.  For cooling rates less than that determined by logCR = 0.65 – 180B – 0.7Ni – 0.5Mn, use 
the equation described as ferrite hardness.  Use the equation described as martensite hardness for 
cooling rates greater than that determined by logCR = 3 - 350B – 0.6Mn – 0.35Mo – 0.35Ni.  Otherwise 
use the equation described as bainite hardness. 
“Bainite Hardness”, HV10 =  80 + 10000B + 670C + 300Nb + 60Mo + 35Mn + 25Cr 
     + 5Cu + 5Ni + (20 + 150C -17Mo -7Mn)logCR 
“Martensite Hardness”, HV10 = 50 + 90Mo + 60Mn + 50Cr + (14000B + 880C)logCR 
“Ferrite Hardness”, HV10 = 25 + 14000B + 60Mn + 30Mo + (130000B – 800C)logCR 
 
Microstructure – grain sizes in microns 
(d4º)   = 6 - 7C - 6Nb - 0.7Mo - 0.5Cu - 0.8logCR1 - 0.4RR 
(d15º)   = 5 + 450B - 7Nb + 1.3Mn + 1.2Cr - 0.6Cu + 0.2logCR2 - 0.8RR 
 
Mechanical Properties 
Proof stress, MPa = 230 + 47000B + 1900Ti + 500Nb + 770C + 130Mo + 70Mn  
    + 68logCR1 - 27logCR2 
Tensile strength, MPa = 100 + 55000B + 2600C + 650Nb + 200Mo + 150Mn + 80Cr + 30Ni 
    + 70logCR1 - 15logCR2        
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27J ITT, oC   = 50 + 14000B + 1050C - 40Ni + 33Mo - 33Cu + 15Cr + 13Mn  
    - 14logCR2 – 8(d15º)-1/2-9RR - 0.2TFC 
27J ITT, oC  = - 60 + 20000B + 1100C - 40Cu - 40Ni + 40Mo + 30Cr + 30Mn 
    - 20RR -10logCR2 - 0.2TFC 
0.5Kvmax ITT, oC = 120 + 14500B + 1270C - 950Ti - 45Ni + 30Mn + 23Mo - 20Cu 
    - 15logCR2 – 10(d15º)-1/2 - 0.3TFC 
0.5Kvmax ITT, oC = - 30 + 22500B + 1350C - 1400Ti + 50Mn - 50Ni - 30Cu + 27Mo 
    + 25Cr - 16RR - 11logCR2 - 0.3TFC 
 
Weldability 
27 J ITT, oC   = 10 - 45Ni - 40Mn - 30Cr 
0.5Kvmax ITT, oC  = 480C - 45Ni - 30Mn 
Parent metal hardness, HV5 = 13 + 27000B + 1020C + 50Mo + 60Mn + 50Ni 
HAZ hardness, HV5  = 25 + 18000B + 1360C + 270Nb + 60Mo + 46Mn + 34Cr + 30logCR8/5 
 
5. Exploitation and impact of the research results 
 
An important objective of the project was to justify changes to Euronorms relating to high-strength 
steels for linepipe and structural applications.  The yield strength levels of the steels concerned range 
from 420 to above 700 MPa.  Therefore, for structural steels, the Euronorm of interest is EN 10025-4 
(Thermomechanically rolled structural steels).  Though not specifically studied here, the steels covered 
by EN 10028-5 (Thermomechanically rolled pressure vessel steels) are closely related to the structural 
steels in EN 10025-4 and are similarly affected by the results of this project.  High-strength steel for 
pipelines transporting combustible fluids is covered in EN 10208-2, in which the thermomechanically 
processed grades designated L415MB, L450MB, L485MB and L555MB are concerned here.  
In these Euronorms, niobium microalloying is currently limited to a maximum of about 0.05.  However, 
the maximum carbon levels allowed are about 0.16%.  It has been shown within the project that much 
higher levels of niobium can be used to advantage provided the maximum carbon content is reduced 
below its current level.  It has also been shown that levels of manganese higher than those currently 
allowed in the above standards are also advantageous in the case of lower carbon contents. 
The reasons for the current limitations on niobium microalloying in the above Euronorms are unknown. 
Therefore, when proposing any increase in the maximum level of niobium allowed, it is necessary to 
address the possible objections that might be raised on the basis of current knowledge about niobium in 
steel.  Areas of concern might be the properties and behaviour of the plate as delivered, after arc 
welding or after cold bending.  This report addresses the influence of niobium in all these areas by 
making use of the results obtained in the project combined with information available in the literature 
concerning structural and linepipe steels containing more than 0.05% Nb.  The following topics are 
treated: through-thickness ductility, strain ageing, hydrogen cracking, weld metal and HAZ toughness, 
and post-weld heat treatment.  
On the basis of the survey, the following recommendations are made. 
EN 10025-4: a footnote should be added to the table containing limits on alloying stating: “For each 
0.01% reduction of the maximum carbon content, the maximum specified niobium content is increased 
by 0.01%, up to a maximum of 0.15%.  In addition, for each 0.01% reduction of the maximum carbon 
content, the maximum manganese content is increased by 0.05% up to a maximum of 2.1%.” 
EN 10208-2 should be changed to follow the harmonised API 5L/ISO 3183 with regard to the levels of 
microalloying allowed.  The current separate limitations on niobium, vanadium and titanium should be 
replaced by a single condition Nb+Ti+V =< 0.15%. 
10
  
EN 10028-5 should be changed in accordance with the above recommendation for EN 10025-4, 
together with an additional footnote stating that special care should be taken to ensure that toughness 
requirements are met in welds if post-weld heat treatment is prescribed in the case of high levels of 
microalloying. 
Papers were presented by two of the partners during the course of the project; one on the use of EBSD 
to characterise the microstructures was presented at the Spanish National Congress [3] and the other on 
the evaluation of the weldability was presented at the 50th Annual Conference of the Polish Welding 
Institute [4].  It is expected that doctorate theses will be submitted as a result of the involvement of two 
of the partners; one from the University of Aachen on the work carried out on Charpy testing and the 
other on the microstructural characterisation carried out by CEIT.  Conference papers are likely to be 
submitted to present the findings of the project. 
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6. Scientific and technical description of the results 
 
6.1. Laboratory model 
 
A principal objective of the project was to build models based on the chemical composition and 
processing conditions to predict bainite transformation, Tnr (no-recrystallisation temperature), strength 
and toughness.  In order to investigate the influence of the alloying elements C, Mn, Nb, Cr, Mo, Ni, Cu 
and B with a minimum of laboratory casts the experimental set-up was designed based on a statistical 
approach by means of an intelligent design of experiments (DOE) using a three-stage approach.  The 
first stage was a half fractional factorial design with variations in Mn, Cr, Mo, Ni and Cu at two levels 
to evaluate their effects and interactions on bainite formation and mechanical properties.  The second 
stage was a full factorial design dedicated to the border conditions of the HTP concept and varies C and 
Nb at two levels.  Finally, the third stage, which was also a full factorial design, investigated the 
influence of B by adding B and Ti at two levels.  
Twenty-four casts were made to the aimed compositions of the three separate experimental designs and 
processed under six rolling schedules to simulate cooling of thick and thin products for both flat and 
coiled material.  These conditions comprised reduction ratios below the no-recrystallisation 
temperature, of 2 (schedules C, E and G) and 4 (schedules D, F and H), with finish rolling temperatures 
of 850°C and cooling rates between 850°C/s and 550°C of 0.5°C/s (schedules C and D), 10°C/s 
followed by air cooling (schedules E and F), and 10°C followed by slow cooling, 30°C/hr  (schedules G 
and H), respectively.  These conditions are selected to simulate the slow cooling conditions in heavy 
plate mills without accelerated cooling, faster cooling in heavy mills with accelerated cooling, and in 
hot strip mills with coiling after rolling. 
First of all, metallographic analyses were carried out for all casts and conditions.  Complementing the 
light optical microscopy (LOM), EBSD measurements for all conditions were done to measure 
“bainitic” grain sizes.  The effect of composition on the CCT behaviour with deformation was 
determined.  To gain an overview about the softening behaviour of these HTP steels, the interaction of 
deformation and softening is investigated by torsion tests. Besides these microstructure analyses, the 
mechanical properties were characterised using tensile tests and impact transition curves.  To complete 
the experimental analyses of the laboratory casts, the toughness behaviour of the materials after 
different welding procedures was examined.  Finally, the plates processed in the laboratory were 
compared with commercial scale rolling of coil-plate and flat plate.  
6.1.1. Set-up of lab simulations – design of experiments 
 
The aim of work package 1 was to build a model based on the chemical composition predicting bainite 
transformation, Tnr (non recrystallisation temperature), strength and toughness. 
The basic composition of the so-called high temperature processing, HTP, concept is low-carbon and 
niobium with some additions of titanium to bind nitrogen.  Other alloying elements, usually denoted as 
hardening elements, are sometimes added depending on the steel processing. 
The project partners agreed to investigate the influence of eight alloying elements, C, Mn, Nb, Cr, Mo, 
Ni, Cu and B, the assessment being based on a statistical approach by means of an intelligent design of 
experiments (DOE) using a three-stage approach.  The first stage is a half fractional factorial design 
with variation of Mn, Cr, Mo, Ni and Cu at two levels to determine the effects of these elements with 
respect to bainite formation and mechanical properties.  The second stage is a full factorial design 
dedicated to the border conditions of the HTP concept and varies C and Nb at two levels different to 
those in stage 1.  The third stage, which is also a full factorial design, investigates the influence of B by 
adding B and Ti at two levels. 
With this three-stage approach, it is possible to keep the number of casts to a reasonable value (24 casts) 
and, at the same time, to realize high-resolution designs that should enable revealing interactions 
between the factors (alloying elements).  Table 1 summarises the design of the experiment and the 
planned compositions and its 3 stages.  
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Table 1: Design of experiment 
 
Stage Level C Nb Ti B Mn Ni Mo Cu Cr 
Low     1.5 0 0 0 0 
Base 0.04 0.10 0.015 0      1 
High     2.1 0.5 0.3 0.5 0.5 
Low 0.01 0.04        
Base   0.015 0 1.8 0.25 0.15 0.25 0.25 2 
High 0.07 0.07        
Low   0.008 0.000      
Base     1.8 0.25 0.15 0.25 0.25 3 
High   0.025 0.002      
 
In addition to selecting the chemical composition, the rolling and cooling conditions were varied during 
laboratory rolling trials in order to simulate the different processing routes of a heavy plate mill with 
air-cooling and with accelerated cooling, and a hot strip mill.  Six different combinations were used 
with two reduction ratios and three sets of cooling conditions for each composition. 
Some additional casts as well as industrial casts were used for the verification of the models.  The 
laboratory simulations of the industrial casts also enabled the validation of the laboratory processing. 
6.1.1.1 Stage 1 – Potential of HTP concept (Mn, Cr, Mo, Ni, Cu) 
 
Stage 1 should give an idea of the potential of the HTP concept with respect to strength and toughness. 
The elements Mn, Cr, Mo, Ni and Cu were varied at two levels.  With the given resolution, main effects 
are not confounded and 2-level interactions are confounded (aliased) only with 3-level interactions. 
Factor: const const const 1 2 3 4 5 
  C Nb Ti Mn Cr Mo Ni Cu 
low (-1)    1.5 0 0 0 0 
medium 0.04 0.1 0.015      
high (1)       2.1 0.5 0.3 0.5 0.5 
 
DESIGN SUMMARY (standard design): 2**(5-1) design of resolution R = V 
  Number of factors (independent variables): 5 
  Number of runs (cases, experiments): 16 
  Number of blocks: 1 
  Fractional replications: 1/2 fractional factorial  
 
 1 2 3 4 5    
Run Mn Cr Mo Ni Cu  Factor Alias 
1 -1 -1 -1 -1 1  1   
2 -1 -1 -1 1 -1  2  
3 -1 -1 1 -1 -1  3  
4 -1 -1 1 1 1  4  
5 -1 1 -1 -1 -1  5  
6 -1 1 -1 1 1  1*2 3*4*5 
7 -1 1 1 -1 1  1*3 2*4*5 
8 -1 1 1 1 -1  1*4 2*3*5 
9 1 -1 -1 -1 -1  1*5 2*3*4 
10 1 -1 -1 1 1  2*3 1*4*5 
11 1 -1 1 -1 1  2*4 1*3*5 
 1 2 3 4 5    
13
  
Run Mn Cr Mo Ni Cu  Factor Alias 
         
12 1 -1 1 1 -1  2*5 1*3*4 
13 1 1 -1 -1 1  3*4 1*2*5 
14 1 1 -1 1 -1  3*5 1*2*4 
15 1 1 1 -1 -1  4*5 1*2*3 
16 1 1 1 1 1    
 
6.1.1.2 Stage 2 – Limit conditions of HTP concept (C, Nb) 
Stage 2, with combinations of low and high levels of C and Nb, was designed to check the limit 
conditions of the HTP concept.  The amount of the alloying elements varied in stage 1 was set to 
intermediate levels.  The design is full factorial; none of the effects are confounded. 
 
Factor: 1 2 const const const const const const 
 C Nb Ti Mn Cr Mo Ni Cu 
low (-1) 0.01 0.03       
medium   0.015 1.8 0.25 0.15 0.25 0.25 
high (1) 0.07 0.1       
 
DESIGN SUMMARY (standard design): 2**(2-0) design of resolution R = FULL 
  Number of factors (independent variables): 2 
  Number of runs (cases, experiments): 4 
  Number of blocks: 1 
 
 1 2 
Run C Nb 
1 -1 -1 
2 -1 1 
3 1 -1 
4 1 1 
 
6.1.1.3 Stage 3 – Influence of B (B, Ti) 
 
Stage 3 investigates the influence of B.  Since only B in solid solution is effective for the phase 
transformation, the formation of BN must be avoided by means of Ti additions.  The levels of Ti in 
stage 3 refer to Ti:N above and below the stoichiometric ratio assuming a N content of 40 ppm.  The 
amount of the alloying elements varied in the other stages was set to intermediate levels. The design is 
full factorial; none of the effects are confounded. 
Factor: const const 1 const const const const const 2 
 C Nb Ti Mn Cr Mo Ni Cu B 
low (-1)   0.008      0 
medium 0.04 0.1  1.8 0.25 0.15 0.25 0.25  
high (1)   0.025      0.002
With an assumed N content of 40ppm, the targeted Ti:N ratios are, therefore: 
  atomic ratio mass ratio
low Ti 0.59 2 
high Ti 1.83 6.25 
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DESIGN SUMMARY (standard design): 2**(2-0) design of resolution R = FULL 
  Number of factors (independent variables): 2 
  Number of runs (cases, experiments): 4 
  Number of blocks: 1 
 
 1 2 
Run Ti B 
1 -1 -1 
2 -1 1 
3 1 -1 
4 1 1 
 
6.1.1.4 Definition of response variables 
To get an overview of the microstructures, metallographic analyses using different etchants have been 
done, together with EBSD measurements.  The means of assessing the effect of composition was to 
determine the CCT behaviour with deformation and the temperature of no-recrystallisation for each 
cast.  The mechanical properties of the plates processed under the six conditions were determined by 
means of tensile tests and impact transition curves and the microstructures assessed.  From these 
measurements models of the effect of composition and cooling rate on structure and properties have 
been constructed.  The properties and microstructures of coil-plates and flat plates processed under 
commercial scale processes have then been used to validate these models. 
Table 2 gives a list of the response variables being determined. 
Table 2: Response variables 
Technique Response variable tested per 
Metallography Phase components (only indicative) plate 
EBSD grain size d4º and d15º (4° and 15° misorientation) plate 
Dilatometry CCT diagram 
HV10 as function of cooling rate 
cast 
Torsion test Tnr 
RLT 
RST 
Ar3 
Ar1 
cast 
Welding 
simulation 
8s ITT 0.5Kvmax 
30s ITT 0.5Kvmax 
8s HV5 
30s HV5 
8s 27J ITT 
30s 27J ITT 
cast 
Charpy impact ITT 0.5Kvmax 
ITT 27J 
Kvmax 
plate 
Tensile test PS (proof stress) 
TS 
plate 
 
6.1.2 Set-up of Regression Analyses 
A multiple linear regression technique was used to obtain a response equation for each of the different 
parameters measured. The sample was formed by the 24 designed casts. Only those 
parameters/variables considered in the three intelligent designs were taken into account (Mn, Ni, Mo, 
Cr, Cu, C, Nb, B and Ti) for the regression.  Also, the rolling parameters play a role in the linear 
multiple regressions: 
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log10CR800-550ºC  = logCR1, (CR =  Cooling Rate (ºC/s)) 
log10CR550-20ºC    = logCR2  
Rolling Reduction = RR (below the no recrystallisation temperature) 
Finish cooling temperature (ºC) = TFC. 
 
Exceptionally, other variables were also taken into consideration, when the literature describes and 
requires them for certain parameters. For example, in the response equation for toughness, grain size 
(d15º) was introduced as a regressor; for weldability, the Vickers hardness (HV5) and the cooling rate 
between 800 and 500ºC (t8/5) were also introduced. 
For each parameter, three equations have been fitted: 
 
i) “Autofit” option is a back elimination procedure, removing those variables with significance p > 0.1,  
ii) “Fit All” possible models are considered (for 9 variables there are 511 possible models) and the one   
     with the largest adjusted determination (R2adj) coefficient is retained, and  
iii) “Regress” on all the variables, irrespective of their significances. This method obtains the largest  
     determination coefficient (maximum R2). 
 
The first option (Autofit) is the safest statistical approach.  The second one is trying to detect some 
more effects, but the coefficients are not so sure.  The smaller the significance parameter, p, the safer it 
is.  The third option (regression to all variables) should be used with a lot of caution.  It is the best fit to 
the experimental set of 24 considered casts, but one has to be aware of the uncertainty/significance of 
some coefficients. In the tables showing the regression results, those coefficients with significance, p < 
0.1 (credible ones) are shown in bold. 
Plots of experimental vs. predicted parameters are shown (only for the Autofit option) for the 24 casts 
used to compute the response equations.  In Section 6.1.11, an additional plot shows the experimental 
vs. the predicted values for the 6 additional validation casts (not previously considered for the model 
generation). 
6.1.3 Lab simulations  
 
6.1.3.1 Lab casts  
 
Twenty-four casts were planned in the three separate experimental designs.  Two casts in the first stage 
contained carbon levels well above the aim of 0.04 wt. % at 0.09 wt. %.  Theses two ‘mis-casts’, A039 
and A040, were re-made and the two ‘mis-casts’ were processed to be used for the validation of the 
models, the compositions are shown in Table 3.  
In total, 26 ingots of 100 kg each were cast in a vacuum furnace.  Electrolytic iron was used as a basis 
in order to keep the S-content low.  The chemical composition was analysed by means of SS-OES and 
combustion (only C, N and S).  The range and average values of the uncontrolled elements in the 
stage 1 casts are shown in Table 4. 
The phosphorous content was below 30ppm in all cases.  The Si content was generally slightly higher 
than specified.  Al was sometimes notably higher than specified and in the case of cast A029 it was 
exceptionally low at 70ppm.  Cast A029 also showed an exceptionally low Ti content (50 ppm) and, 
consequently, a very low Ti:N ratio of 1.43.  Cast A045 in the stage 2 design had a carbon content of 
0.09 wt. %, above the aim of 0.07 wt. %, but it was decided to accept this and process the cast.  
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6.1.3.2 Industrial casts 
 
Industrially cast slab material was delivered by Ruukki and Salzgitter while Corus provided hot rolled 
plate in thickness 50mm.  The chemical compositions were analysed on lab rolled plate by means of 
SS-OES and combustion (C, S and N), Table 8. 
 
The Salzgitter materials supplied for rolling in the laboratory consisted of a conventional NbV-concept 
steel with relatively high, 0.08 wt. %, carbon content (cast 02098) and a low C-high Nb-Cr composition 
with moderate additions of Mo (cast 16685) fitting well with the design of the stage 1 laboratory casts. 
The materials provided by Corus and Ruukki also fitted well with the set-up of the experimental design. 
Both steels were alloyed with Ni, Mo and Cr; and the Ruukki steel contained higher levels of Mn and 
Cr. 
Table 8: Analyses (wt. %) of the industrially cast materials 
Cast C Mn N Ti Nb V Ni Mo Cu Cr Ti/N
81351 0.042 1.97 0.0084 0.015 0.10 0.013 0.21 0.005 0.21 0.98 1.79
02098 0.079 1.66 0.0050 0.003 0.04 0.079 0.06 0.004 0.06 0.04 0.58
16685 0.047 1.73 0.0082 0.018 0.10 0.009 0.04 0.069 0.04 0.27 2.20
81913 0.05 1.58 0.0059 0.016 0.10 0.007 0.16 0.005 0.25 0.26 2.71
 
6.1.3.3 Rolling simulations  
 
Nine blocks were cut from each ingot, Figure 1. Two blocks with dimensions 125 mm × 125 mm 
× 60 mm were rolled with no particular rolling schedule applied in order to supply one plate in 
thickness 15mm for dilatometer and torsion testing and one in thickness 12 mm for welding 
simulations. 
 
Six blocks (an additional block was a spare in case of problems during processing) were rolled to plates 
using two different reduction ratios, RR, below an assumed no recrystallisation temperature, Tnr, of 
1050°C, followed by three different cooling strategies to give six conditions for each chemistry. The 
cooling conditions were selected to simulate  
 
• air-cooling of thick plate (AC) 
• accelerated cooling at 10 °C/s of thick plate to 550°C followed by air cooling (ACC) 
• accelerated cooling at 10 °C/s of hot strip (coil-plate) with coiling at 550°C followed by 
cooling at 30°C/h (ACC+coiling) 
In order to give similar amounts of reduction in each pass during roughing of the laboratory plates, two 
different thicknesses of starting block were used for the reduction ratios, RR, of 2 and 4.  In the case of 
RR = 2 (block dimension 125 mm × 100 mm × 50 mm), three roughing passes and four finishing passes 
were applied while in the case of RR = 4 (block dimension 125 mm × 90 mm × 80 mm), two roughing 
passes and five finishing passes were used.  
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Figure 1: Cutting of ingots 
 
Table 9: Rolling schedules and aimed rolling temperatures 
RR at 
T<Tnr 
 Start R1 R2 R3 Total in roughing F1 F2 F3 F3/F4 F4/F5
Reduction 
(%)  22 22 22 52 16 16  16 16 2 
Thickness 
(mm) 50 39.1 30.7 24  20.2 17  14.3 12 
Reduction 
(%)  23 23  40 24 24 24 24 24 4 
Thickness 
(mm) 80 62 48   36.4 27.6 20.9 15.8 12 
Temp. 
(°C)  1200 1150 1100 1050  950 910 890 870 850 
 
Blocks of the respective dimensions were taken from the industrially cast materials and rolled according 
to the same schedule. In the case of the 50 mm thick plate feedstock from Corus, the block dimensions 
and rolling schedule had to be adjusted for the higher reduction ratio.  It was decided to reduce the 
rolling reduction during finishing from RR = 4 to RR = 3; the details are given in Table 10. 
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Table 10: Rolling schedules and aimed rolling temperatures for the Corus material 
 
RR at 
T<Tnr 
 Start R1 R2 R3 Total in roughing F1 F2 F3 F3/F4 F4/F5
Reduction 
(%)  22 22 22 52 16 16  16 16 2 
Thickness 
(mm) 50 39.1 30.7 24  20.2 17  14.3 12 
Reduction 
(%)  15 15  28 20 20 20 20 20 3 
Thickness 
(mm) 50 42.4 36   28.9 23.2 18.6 14.9 12 
Temp. 
(°C)  1200 1150 1100 1050  950 910 890 870 850 
 
The blocks were sorted according to the different combinations of rolling schedule and cooling strategy 
(designation A through H) and reheated in batches of no more than eight blocks.  Block selection was 
random. 
 
The reheating temperature was fixed to 1200°C for all but one cast composition; cast A046, run 4 in 
Stage 2.  According to thermodynamic calculations, 1200°C is sufficient to dissolve all of the Nb.  In 
the case of cast A046, which had the combination of 0.07% C and 0.07% Nb, a reheating temperature 
of 1250°C was used; however, the rolling schedule remained unchanged.  After reheating, a 
thermocouple was introduced into a pre-drilled hole in the blocks allowing for temperature monitoring 
in the centre of the blocks during processing, i.e. rolling and cooling.  The simulation of slow air-
cooling in thick plate required a cooling rate of 0.5°C/s and this was achieved by covering the plate with 
two slices of refractory wool.  Accelerated cooling, with an aim rate of 10°C/s, was obtained using a 
horizontal cooling table equipped with a sledge for passing the steel plate through a 4 m long array of 
water nozzles on bottom and topside.  The water supply was stopped automatically when the 
temperature measured by the thermocouple reached the pre-defined stop cooling temperature.  Due to a 
certain reaction time of the installation and due to the always slightly different position of the 
thermocouple with respect to the steel surface, the stop cooling temperature varied slightly from plate to 
plate.  In order to be able to obtain a very narrow range of stop cooling temperatures it was decided to 
use a set temperature of 600°C and this resulted in a range of stop cooling temperatures between about 
580ºC and 600°C. 
 
Table 11 gives an overview of all plates processed and their designations. In the samples identified as E, 
8 casts were processed after reheating to a higher temperature than planned, 1250°C, and the spare 
block from these casts was processed from the planned reheating temperature of 1200°C in the plates 
identified as code I. 
 
The cooling conditions achieved for each plate were recorded and are summarised in Table 12 through 
to Table 16. 
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Table 11: Listing of plates rolled and their designation 
 
Cast Rolling 
Stage Run 
No. 
Dilatometry / 
Torsion 
15 (mm) 
Weld
12 
(mm)
RR=2
AC 
RR=4
AC 
RR=2
ACC 
RR=2 
1250°C
ACC 
RR=4 
ACC 
RR=2 
ACC+ 
coiling 
RR=4
ACC+
coiling
1 A027 A B C D I E F G H 
2 A028 A B C D I E F G H 
3 A029 A B C D I E F G H 
4 A030 A B C D E  F G H 
5 A031 A B C D E  F G H 
6 A032 A B C D E   G H 
7 A033 A B C D I E F G H 
8 A034 A B C D E  F G H 
9 A035 A B C D I E F G H 
10 A036 A B C D E  F G H 
11 A037 A B C D E  F G H 
12 A038 A B C D I E F G H 
13 A202 A B C D E  F G H 
14 A203 A B C D E  F G H 
15 A041 A B C D E  F G H 
1 
16 A042 A B C D E  F G H 
1 A043 A B C D E  F G H 
2 A044 A B C D I E F G H 
3 A045 A B C D E  F G H 
2 
4 A046 A B C D E  F G H 
1 A047 A B C D E  F G H 
2 A048 A B C D E  F G H 
3 A049 A B C D E  F G H 
3 
4 A050 A B C D I E F G H 
A039 A B C D E  F G H additional 
A040 A B C D E  F G H 
81351 14 (A)  15 (C) 10 (D) 16 (E)  13 (F) 17 (G) 11 (H)
02098   F (C)  G (E)  E (F) A,B (G) D (H) 
16685 A B C D E  F G H 
industrial 
81913 A J (B) C D E  F G H 
 
The value of T-fc was the finish cooling temperature and, as the embedded thermocouple was not 
always in the middle of the plate, the thermocouple sometimes measured an increase in temperature 
after the water-cooling was stopped. In these cases the value of T-fc after recovery of this temperature 
was recorded. 
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Table 12: Temperatures during processing RR = 2 and ACC 
 
Cast Code T-reheat (°C) 
T-start cooling 
(°C) 
cooling rate  
(°C/s) 
T-fc 
(°C) 
T-fc incl. 
reheat (°C) 
CT 
(°C) 
A027 I 1200 799 8.3 589 - - 
A028 I 1200 806 11.3 563 - - 
A029 I 1200 799 6.4 588 - - 
A030 E 1200 802 8.3 598 - - 
A031 E 1200 801 7.3 623 - - 
A032 E 1200 777 10.8 591 - - 
A033 I 1200 795 8.8 581 - - 
A034 E 1200 804 8.8 591 - - 
A035 I 1200 775 13.1 528 - - 
A036 E 1200 783 10.1 592 - - 
A037 E 1200 799 8.9 597 - - 
A038 I 1200 806 11.9 596 - - 
A039 E 1200 803 8.9 595 - - 
A202 E 1200 778 12.4 571 - - 
A040 E 1200 805 15.3 566 569 - 
A203 E 1200 795 12.2 586 - - 
A041 E 1200 804 10.1 599 - - 
A042 E 1200 803 12.1 576 - - 
A043 E 1200 805 10 589 591 - 
A044 I 1200 801 10.4 582 585 - 
A045 E 1200 803 14.3 575 580 - 
A046 E 1200 801 15.9 578 587 - 
A047 E 1200 792 11.2 591 - - 
A048 E 1200 802 11.4 577 589 - 
A049 E 1200 800 9.8 591 - - 
A050 I 1200 800 14.4 579 587 - 
81351 E 1200 800 10.1 586 - - 
02098 E 1200 800 12.6 569 573 - 
16685 E 1200 806 16.3 565 577 - 
81913 E 1200 808 9.7 583 - - 
 
Table 13: Temperatures during processing RR = 2 and ACC; T-reheat of 1250°C 
 
Cast Code T-reheat (°C) 
T-start cooling 
(°C) 
cooling rate  
(°C/s) 
T-fc 
(°C) 
T-fc incl. 
reheat (°C) 
CT 
(°C) 
A027 E 1250 797 13.5 528 - - 
A028 E 1250 799 10.3 582 - - 
A029 E 1250 798 16.9 566 598 - 
A033 E 1250 786 11.1 545 - - 
A035 E 1250 800 11.2 578 - - 
A038 E 1250 - - - - - 
A044 E 1250 779 16.3 506 - - 
A050 E 1250 803 10.8 581 589 - 
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Table 14: Temperatures during processing RR = 4 and ACC 
 
Cast Code T-reheat (°C) 
T-start 
cooling (°C)
cooling rate 
(°C/s) 
T-fc 
(°C) 
T-fc incl. 
reheat (°C) 
CT 
(°C) 
A027 F 1200 797 6.1 592 - - 
A028 F 1200 791 5.1 589 - - 
A029 F 1200 791 5.7 583 - - 
A030 F 1200 792 6.6 588 - - 
A031 F 1200 777 5.4 609 - - 
A032 F 1200 - - - - - 
A033 F 1200 782 7.8 585 - - 
A034 F 1200 793 7 592 - - 
A035 F 1200 799 14.9 579 596 - 
A036 F 1200 801 9.5 590  - 
A037 F 1200 801 11.7 586 588 - 
A038 F 1200 793 9.5 578 - - 
A039 F 1200 799 9.2 571 575 - 
A202 F 1200 808 10.2 577 - - 
A040 F 1200 810 12.1 568 575 - 
A203 F 1200 812 9 611 - - 
A041 F 1200 803 14.2 579 589 - 
A042 F 1200 794 11.2 587 - - 
A043 F 1200 796 5.7 586 - - 
A044 F 1200 784 7.7 579 - - 
A045 F 1200 787 8 593 596 - 
A046 F 1200 813 10.1 583  - 
A047 F 1200 794 12.2 587  - 
A048 F 1200 807 17.8 567 582 - 
A049 F 1200 806 9.1 561 - - 
A050 F 1200 792 8.9 577 - - 
81351 F 1200 785 7.5 600 - - 
02098 F 1200 799 7 601 - - 
16685 F 1200 777 7.4 583 - - 
81913 F 1200 785 11.3 549 - - 
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Table 15: Temperatures during processing RR = 2 and ACC+coiling 
 
Cast Code T-reheat (°C) 
T-start cooling 
(°C) 
cooling rate 
(°C/s) 
T-fc 
(°C) 
T-fc incl. 
reheat (°C) 
CT 
(°C) 
A027 G 1200 800 8.4 582 592 550 
A028 G 1200 807 8.9 589 - 550 
A029 G 1200 804 6.3 593 - 550 
A030 G 1200 810 12.7 578 - 550 
A031 G 1200 791 10.6 576 579 550 
A032 G 1200 803 8.8 583 - 550 
A033 G 1200 806 7 593 - 550 
A034 G 1200 815 8.3 588 - 550 
A035 G 1200 806 8.1 533 - 550 
A036 G 1200 803 10.3 591 - 550 
A037 G 1200 - - - - 550 
A038 G 1200 806 10.5 584 - 550 
A039 G 1200 804 7.8 590 - 550 
A202 G 1200 802 9.2 602 - 550 
A040 G 1200 809 13.2 572 - 550 
A203 G 1200 798 13.9 586 601 550 
A041 G 1200 811 10.5 596 - 550 
A042 G 1200 806 14.3 569 - 550 
A043 G 1200 806 10.7 594 603 550 
A044 G 1200 808 10 602 607 550 
A045 G 1200 806 11.1 585 - 550 
A046 G 1200 807 10.4 582 583 550 
A047 G 1200 768 10 584 - 550 
A048 G 1200 810 9.5 583 594 550 
A049 G 1200 786 10.8 572 - 550 
A050 G 1200 793 9.3 582 - 550 
81351 G 1200 811 11.5 589 - 550 
02098 GA 1200 800 9.9 577 - 550 
02098 GB 1200 803 5.8 591 - 550 
16685 G 1200 803 7.7 634 - 550 
81913 G 1200 748 13.1 584 581 550 
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Table 16: Temperatures during processing RR = 4 and ACC+coiling 
 
Cast Code T-reheat (°C) 
T-start cooling 
(°C) 
cooling rate 
(°C/s) 
T-fc 
(°C) 
T-fc incl. 
reheat (°C) 
CT 
(°C) 
A027 H 1200 788 9.1 594 597 550 
A028 H 1200 792 5.6 602  550 
A029 H 1200 799 8.8 570  550 
A030 H 1200 790 10.5 589 623 550 
A031 H 1200 812 12.4 555 577 550 
A032 H 1200 790 9.4 602  550 
A033 H 1200 806 9.6 584  550 
A034 H 1200 782 11.2 565  550 
A035 H 1200 803 7.3 582  550 
A036 H 1200 808 10.4 583  550 
A037 H 1200 791 9.9 584  550 
A038 H 1200 815 10.6 569  550 
A039 H 1200 808 8.5 591  550 
A202 H 1200 795 8.1 629  550 
A040 H 1200 804 15.2 585 618 550 
A203 H 1200 795 9.8 582  550 
A041 H 1200 798 11 583 586 550 
A042 H 1200 814 14.1 573 574 550 
A043 H 1200 804 11 573  550 
A044 H 1200 815 11.2 548  550 
A045 H 1200 779 9 582 584 550 
A046 H 1200 762 10.2 580 585 550 
A047 H 1200 804 9.9 586 601 550 
A048 H 1200 792 12.9 585  550 
A049 H 1200 805 10.5 583  550 
A050 H 1200 795 10.4 584 588 550 
81351 H 1200 801 11.7 550  550 
02098 H 1200 801 6.9 586  550 
16685 H 1200 789 6.1 602  550 
81913 H 1200 799 6.5 618  550 
 
The realisation of the accelerated cooling (ACC) was very satisfactory.  The average cooling rate was 
10.2°C/s with a spread between 5.1 and 17.8°C/s, Figure 2.  The average finish cooling temperature 
T-fc was 582°C with a spread between 506 and 634°C.  The majority of the T-fc values fell in the range 
between 570 to 600°C, Figure 3.  Only 10% of the plates had T-fc values higher than 610°C or lower 
than 560°C.  The respective data sets are listed in Table 17. 
 
The cooling rate during the air cooling simulation (AC) was estimated to be 0.5°C/s through the range 
850 – 550°C and 0.08°C/s below 550°C; these values were based on readings from two long term data 
loggers on plates 81351-10 (C) and 81351-15 (D) where the reading time was about two hours.  
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Figure 2: Histogram and cumulative percentage of the cooling rates achieved 
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Figure 3: Histogram and cumulative percentage of the T-fc values achieved 
 
Table 17: Plates with T-fc outside the range 560 to 610°C 
 
Cast Code T-reheat (°C) 
T-start cooling 
(°C) 
cooling rate 
(°C/s) 
T-fc 
(°C) 
T-fc incl. 
reheat (°C) 
CT 
(°C) 
A044 E 1250 779 16.3 506 - - 
A035 I 1200 775 13.1 528 - - 
A027 E 1250 797 13.5 528 - - 
A035 G 1200 806 8.1 533 - 550 
A033 E 1250 786 11.1 545 - - 
A044 H 1200 815 11.2 548  550 
81913 F 1200 785 11.3 549 - - 
81351 H 1200 801 11.7 550  550 
A031 H 1200 812 12.4 555 577 550 
        
81913 H 1200 799 6.5 618  550 
A031 E 1200 801 7.3 623 - - 
A202 H 1200 795 8.1 629  550 
16685 G 1200 803 7.7 634 - 550 
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6.1.3.4 Sampling  
 
All lab rolled plates were cut at OCAS by means of water-jet cutting and sawing.  The initial sampling 
schedule is shown schematically in Figure 4; it concerns 2 transverse tensile specimens and about 16 
transverse Charpy samples.  However, only bars were cut (dotted lines) and sent to the partners, at 
Aachen and Maribor, where the samples were finished. Maribor used a smaller round bar tensile 
specimen and was able to take two or more samples from each delivered bar. 
Bars for Charpy samples Sample for metallography
Bars for tensile samples  
 
Figure 4: Sampling schedule for cutting 
 
6.1.4 Metallography  
 
Metallographic investigations were carried out on all the plate conditions.  The accelerated cooled 
samples, E, F, G, and H, were examined to identify the multiphase microstructures by means of colour 
etchings. For the sake of completeness, the Nital etchings were repeated for imaging with 
magnifications 200x (overview) and 1000x (detail), respectively.  The magnification for the colour 
etchings was always 1000x. The microstructures were examined at the quarter thickness of the plates.  
After grinding and polishing of mounted samples, etching was performed as follows: 
 
Etching with Nital 2 % for 10 seconds; this etchant was used to reveal the banded structure, and the 
grain boundaries and carbide containing phases. 
 
After repolishing, etching with Le Péra reagent for 20 seconds was used to show up bainite, cementite 
and/or pearlite which appear dark and martensite and/or austenite which appear white. 
 
After repolishing, etching with Picral 4% for 30 seconds followed by sodium bisulphite 10% for 7 
seconds colours cementite, bainite and/or pearlite dark, while martensite colours a light brown and 
austenite white. 
 
After repolishing, etching with sodium metabisulphite 10 % for 5 seconds and Klemm’s reagent for 60 
seconds causes the austenite to appear white.  As an example, the microstructures seen in the F 
condition, which was accelerated cooled with a reduction ratio of 4, for steel A035 are shown in 
Figure 5. 
 
A qualitative description of the microstructures is given in Table 18 through Table 22.  As generally 
known, the low-carbon bainitic microstructures are often complex consisting of several phases with 
different crystallography, morphology and chemical composition.  An attempt was made to apply the 
classification system proposed by the Bainite committee of ISIJ, [5] which recognises the following five 
morphologies: 
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• Polygonal ferrite (PF) 
• Quasi-polygonal ferrite (QF) 
• Widmanstätten ferrite (WF) 
• Granular bainitic ferrite (GB) 
• Bainitic ferrite (BF) 
 
A quantitative evaluation of the amounts of second phases (austenite, A, and martensite, M) was not 
performed; the results are therefore only indicative. In the following tables, Table 18 through Table 22, 
the presence of the respective bainite morphologies and second phases is indicated.  The letter P 
indicates the predominance of the specific bainite morphology and S indicates a notably large volume 
fraction of the identified second phase. 
 
  
Overview sample etched in Nital Detail sample etched in Nital 
  
Le Pera Picral+Sodiumbisulphite 
 
 
Sodiumbisulphite+Klemm’s  
 
Figure 5: Micrographs with different etchants in steel A035 for the F condition  
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Table 18: Description of microstructures, Stage 1 
 
Cast/type Code PF QF GB BF A M No MA Remark 
I        not investigated 
E  P S  S    
F P S   S    
G  P S S   S  
A027 
Cu 
H  P     S  
I        not investigated 
E  P S S S S   
F  P   S S   
G  S P S   S  
A028 
Ni 
H  S P    S  
I        not investigated 
E S P   P S   
F S P  S S   C-enriched phases in bands 
G  P P  S    
A029 
Mo 
H S P  S   S C-enriched phases in bands 
E   P S S S   
F   P  S S   
G  P S S S S   
A030 
NiMoCu 
H  S P    S  
E  S P  P    
F  S P  P S   
G   S P P    
A031 
Cr 
H   P    S  
E   P S S S   
F        not processed 
G   P S S S   
A032 
NiCuCr 
H   P  few  ~ S  
I        not investigated 
E   P P S    
F  S P  S    
G  S P  S few   
A033 
MoCuCr 
H  S P  few    
E   P   P   
F   P  S P   
G  S P   P   
A034 
MoNiCr 
H  S P    S  
I        not investigated 
E   P S P S   
F   P  P S   
G  S P  few  ~ S  
A035 
Mn 
H  S P S S    
E  P S  P few   
F  P   P    
G  P   S    
A036 
MnNiCu 
H  P  S few  ~ S   
E   P  P P   
F   P  S P   
A037 
MnMoCu 
G   P   P   
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Cast/type Code PF QF GB BF A M No MA Remark 
H   P  S    
I        not investigated 
E  S P  S    
F  S P S S S   
G   P S  S   
A038 
MnNiMo 
H   P    S  
E   P S S    
F   P  S S   
G   P  S P   
A202 
MnCuCr 
H   P S S S   
E   P S  P   
F  S P   P   
G  S P   P   
A203 
MnNiCr 
H  S P    S  
E   P S S P   
F   P S  P   
G   P S  P   
A041 
MnMoCr 
H   P   P   
E   P P  P   
F   P   P   
G   P S  P   
A042 
MnNiMoCuCr 
H   P S     
 
Table 19: Description of microstructures, Stage 2 
 
Cast/type Code PF QF GB BF A M no MA Remark 
E  P S S S    
F  P S   P   
G  P P   P   
A043 
lowC-lowNb 
H  P       
I        not investigated 
E  S P S S    
F  S P   S   
G  S P   S   
A044 
lowC-highNb 
H   P    P  
E   S P P P   
F   P S P P   
G   P P S    
A045 
highC-lowNb 
H   P  S    
E S P   S P   
F   P  S P   
G   P P S  S  
A046 
highC-
highNb 
H   P  S  S  
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Table 20: Description of microstructures, stage 3 
 
Cast/type Code PF QF GB BF A M no MA Remark 
E   P S S P   
F   P  S S   
G   P S  P   
A047 
lowTi-lowB 
H   P S  P   
E   P S S P   
F   P S S P   
G   P S  P   
A048 
lowTi-highB 
H   P S  S   
E   P S S S   
F   P  S S   
G   P S  S   
A049 
highTi-lowB 
H   P   S   
I        not investigated 
E   P S S P   
F   P S  P   
G   P S  P   
A050 
highTi-highB 
H   P P S S   
 
Table 21: Description of microstructures, additional lab casts 
 
Cast/type Code PF QF GB BF A M no MA Remark 
E   P S P P   
F   P S S S   
G   P S S P   
A039 
C-MnCuCr 
H   P S   S  
E   P S S P   
F   P  S P   
G   P S S P   
A040 
C-MnNiCr 
H   P S  P   
 
Table 22: Description of microstructures, industrial casts 
 
Cast/type Code PF QF GB BF A M no MA Remark 
E  S P  S S   
F  S P  P S   
G   P  S S   
16685 
Cr 
H   P    S  
E  S P  S    
F  S P  S    
G  S P  few   upper bainite/pearlite 
81913 
NiCuCr 
H  S P    S  
 
6.1.5 Electron back-scattered diffraction, EBSD  
 
6.1.5.1 Experimental method and results 
 
Detailed microstructural information, at the scale of bainitic microstructures, was obtained using EBSD 
technique. EBSD is a tool that can quantify the misorientation between grains.  The number and nature 
of boundaries in the microstructure obtained by EBSD mapping can be used to distinguish between 
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different phases.  Clear differences are noted between ferrite and bainite. Ferrite has very few 
boundaries with low misorientation; in contrast with bainite, which contains a high proportion of low 
angle misorientations. Bainite characteristically forms with a high dislocation compared with 
allotriomorphic ferrite and thus a term for this strengthening is often incorporated.  The bainite laths, 
separated by low misorientation angle boundaries, are arranged in packet or colonies, separated by high 
angle boundaries. 
 
The samples for Electron Back-Scattered Diffraction (EBSD) observations were prepared from 
rolling-schedule samples of each different cast, taking into account the rolling direction. All the scans 
were obtained at the quarter plate thickness position. EBSD observations were carried out on a Philips 
XL30cp Scanning Electron Microscope (SEM).  The EBSD specimen was tilted 75º from the 
horizontal, so that the surface was normal to the electron beam. The step size was 0.4 microns and scan 
size was 160 × 100 microns. Approximately 500 grains were examined in each scan.  
 
TSL OIM Analysis 4.6 software was used to interpret the data.  Pattern indexing is quite effective at 
identifying the orientation from a diffraction pattern, mainly in the samples with ferritic microstructure, 
but pattern indexing of orientations as at grain boundaries (where the patterns often are made up of two 
superposed diffraction patterns, from both crystal lattices separated by the grain boundary) are difficult. 
The grain size was determined with threshold misorientations of 4° and 15°, leading to the response 
variables d4º and d15º, respectively in Table 23. 
 
Table 23: Grain size d4º and d15º of all plates 
 
Mean grain size d4º and d15º, microns 
C D E F G H Stage Run Cast Type 
4° 15° 4° 15° 4° 15° 4° 15° 4° 15° 4° 15° 
1 A027 Cu 5.0 5.4 3.1 3.4 2.3 3.1 2.4 3.0 3.0 4.3 2.4 2.9 
2 A028 Ni 4.0 4.6 3.2 3.5 3.0 4.7 2.3 2.8 2.8 3.7 2.2 2.8 
3 A029 Mo 5.6 6.6 4.2 5.1 4.1 5.5 3.0 4.0 3.8 5.9 3.2 4.3 
4 A030 NiMoCu 3.0 3.5 3.2 3.6 3.0 4.8 2.1 2.8 2.2 3.3 2.2 3.4 
5 A031 Cr 4.1 4.7 3.0 3.6 2.9 4.3 2.6 3.1 3.0 4.3 2.4 2.9 
6 A032 NiCuCr 3.8 4.4 3.3 3.9 2.6 4.8   3.1 4.9 2.3 3.4 
7 A033 MoCuCr 3.8 4.4 3.4 3.9 2.9 5.8 2.3 3.9 3.0 4.9 2.0 2.9 
8 A034 MoNiCr 4.0 4.7 3.2 3.6 3.4 5.7 2.2 3.4 2.5 4.2 1.7 2.5 
9 A035 Mn 4.5 5.3 3.2 3.6 3.0 5.0 2.6 3.8 2.8 4.2 2.3 3.1 
10 A036 MnNiCu 4.0 4.7 3.1 3.5 3.1 5.3 2.0 2.8 2.7 4.4 1.9 2.7 
11 A037 MnMoCu 3.9 4.9 2.9 3.4 2.4 4.6 2.0 3.1 2.4 4.5 1.8 3.1 
12 A038 MnNiMo 3.3 4.9 2.7 3.2 3.4 7.1 2.5 4.5 2.7 4.9 1.9 3.2 
13 A202 MnCuCr 4.8 6.0 4.2 4.9 2.5 4.4 2.1 3.3 4.0 7.7 2.4 4.5 
14 A203 MnNiCr 5.2 7.7 3.9 4.4 3.6 6.4 3.1 5.1 4.4 7.5 2.9 4.4 
15 A041 MnMoCr 4.1 5.5 3.6 4.3 3.0 5.7 2.3 4.3 2.3 4.7 2.0 3.3 
1 
16 A042 MnNiMoCuCr 2.9 5.4 2.9 6.0 3.3 6.7 2.3 4.7 2.8 6.0 2.2 4.6 
17 A043 lowC-lowNb 5.4 6.0 3.9 4.4 4.2 7.1 2.8 3.7 3.8 5.8 2.5 3.6 
18 A044 lowC-highNb 4.1 4.8 3.1 3.5 2.7 4.9 2.5 3.9 3.4 5.9 2.3 3.2 
19 A045 highC-lowNb 4.7 6.4 3.7 4.4 2.6 5.0 2.2 3.6 2.7 5.0 2.2 3.2 
2 
20 A046 highC-highNb 3.7 5.6 3.7 7.1 3.6 6.5 2.2 4.2 2.5 4.5 2.0 3.8 
21 A047 lowTi-lowB 3.5 4.2 3.1 3.6 3.0 5.7 2.0 3.0 3.3 6.6 2.5 3.9 
22 A048 lowTi-highB 3.4 6.5 2.4 3.9 3.0 6.1 2.4 5.4 3.2 7.1 1.7 2.9 
3 
23 A049 highTi-lowB 4.8 5.4 3.3 3.8 3.0 5.0 2.3 3.6 3.5 6.6 2.2 3.2 
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Mean grain size d4º and d15º, microns 
C D E F G H Stage Run Cast Type 
4° 15° 4° 15° 4° 15° 4° 15° 4° 15° 4° 15° 
24 A050 highTi-highB 3.6 6.2 3.6 6.1 3.6 7.5 3.0 6.4 2.9 6.0 2.0 4.1 
Additional A039 C-MnCuCr 3.9 4.7 2.9 3.4 2.7 4.3 1.8 2.6 2.2 3.4 1.8 2.7 
 A040 C-MnNiCr 3.6 4.8 2.8 3.3 2.4 4.0 1.8 2.8 2.3 3.9 2.0 2.6 
81351 MnNiCu-1Cr 4.0 4.5 3.1 3.6 2.5 4.1 2.0 2.7 2.8 4.8 2.0 2.8 
02098 Nb-V 5.2 5.7   3.6 5.0 3.0 3.9 4.0 5.3 2.8 3.3 
16685 Cr 4.6 5.3 3.5 3.9 3.4 4.8 2.8 3.9 3.3 4.7 2.2 3.2 
Industrial 
81913 NiCuCr 4.4 4.9 4.0 4.5 2.9 4.1 2.5 4.0 3.2 4.4 2.8 4.0 
 
To estimate the strengthening due to grain size, boundaries with misorientations greater than 4º are 
used, and misorientation greater than 15º to quantify bainitic packets in relation with toughness.  
 
The EBSD data clearly indicate that the change from ferrite to bainite alters the proportion of low and 
high angle grain boundaries. As shown in Figure 6, the low angle/lath boundaries dominate the 
microstructure of bainite while the microstructure of ferrite is composed of grains with high angle 
boundaries.  These characteristic misorientation distributions allow ferritic and bainitic types of 
microstructure to be identified.  
 
The ratio between average grain sizes of large angle (d15) and low angle (d4) grains was found to 
describe well the type of microstructure, the ratio d15/d4 being ~1 for ferrite and >>1 for bainite, 
respectively, compare Figure 7.  The analysis of the EBSD data will be the subject of a PhD thesis from 
CEIT. 
 
  
Typical distribution of ferrite Typical distribution of bainite 
 
Figure 6: Misorientation Angle Maps 
 
The proportion of low angle misorientations (4º-15º) can be quantified by means of the d15º/d4º ratio, see  
Figure 7.  This ratio is characteristic of each phase.  For instance, the ferritic microstructure shows a 
ratio d15º/d4º < 1.25, with a characteristic value of 1.125.  In the case of bainitic microstructure, the lower 
limit and characteristic ratio d15º/d4º are 1.6 and 1.9, respectively.  Moreover, there are several samples 
which present a mixture of ferrite and bainite (sometimes it is hard, even with EBSD maps, to 
differentiate the type of microstructure). Such microstructures present the following limit ratios: 1.25 < 
d15º/d4º < 1.6. 
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Figure 7: Microstructures as a function of d15º/d4º ratio 
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Figure 8: Standard Deviation vs. Mean Grain Sizes for the 24 Designed Casts 
 
The rolling schedule parameters of reduction ratio and type of cooling (AC or ACC) showed a strong 
effect on the final microstructure, as shown in Figure 7 and Figure 8.  Such conclusions will be 
confirmed by the response equations of multiple regressions.  Note that ACC denotes CR1 (CR800-550ºC). 
 
Figure 8 shows how each schedule is located in specific areas.  These areas have been represented by 
means of ellipses.  The ellipse size is a function of the dispersion in results, but mainly it is a function of 
the difference between measurements of d4º and d15º.  The measurement for 4º is smaller than for 15º of 
misorientation and the measurements of 4º are located to the left and lower than the values for 15º.  The 
larger difference between these measurements, the more is the tendency towards bainitic 
microstructures (d15º/d4º >> 1).  
 
If the ellipses which represent RR = 4 are compared with those for RR = 2, in Figure 8 (closed symbol 
ellipses vs. open symbol ellipses), the ellipses for RR = 4 show smaller grain sizes. It is well established 
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that the amount of rolling reduction below Tnr has a strong influence on the final microstructure by 
reducing the prior austenite grain size (dγ) and by increasing the accumulated strain (εacc) before 
transformation, thus decreasing the final grain size [6], [7]   
 
Comparing Air Cooling (AC) with.  ACcelerated Cooling (ACC), it is possible to draw conclusions 
based on differences between measurements of d4º and d15º:  The ellipses for AC (orange ellipses) are 
smaller than those ellipses corresponding to ACC (blue ellipses).  It is possible to conclude that 
accelerated cooling (ACC) promotes bainitic microstructures and also has a refining effect on d4º.  
Accelerated Cooling schedules (ACC: E, F, G and H) resulted in smaller grain sizes when compared to 
Air Cooling schedules (AC: C & D), when the same reduction rate was considered, see Figure 8.  
 
The main conclusions drawn from the analysis of the EBSD data were: 
 
The amount of reduction below Tnr had a strong influence in the final microstructure by reducing the 
final grain size of both d4º and d15º. 
 
ACC promoted bainitic microstructures and refined the microstructure, Figure 9, but, when ACC was 
applied with RR = 4, ferritic microstructures were promoted due to an additive effect of accumulated 
strain (εacc), specific grain boundary area (Sv) and prior austenite grain size (Dγ) with accelerated cooling 
(ACC) favouring a higher density of nucleation sites [8],[9].  
 
 
 
RR  = 2 RR = 4 
A
C
 
 
 CAST A043-C CAST A043-D 
A
C
C
 
 
 
 CAST A043-E CAST A043-F 
 
Figure 9: Inverse Pole Figures 
 
The other rolling parameters (CR550-20ºC, TFC) and the chemical composition showed a weaker effect, 
even negligible in some cases, on the final microstructure; the effects were not as obvious as that of the 
reduction ratio and the cooling rate between 800 - 500oC, CR800-550 ºC.  To quantify such effects multiple 
regression statistics have been used.  
 
37
  
6.1.5.2 Regression analysis  
The coefficients and significances of the factors, Table 24, showed their effects on the two measures of 
grain size (d4º and d15º); C, Nb, Mo, Cu, RR and CR1 reduced d4º, and Nb, Mn, Cu and RR reduced d15º 
while B, Cr and CR2 increased d15º. Only Nb and Cu refined both grain sizes. The effects of RR and 
CR1, mentioned previously, were very significant. 
 
Table 24: Coefficients, Standard Errors and Significances of variables for the grain size measurements 
at 4° and 15° angle misorientation 
 
 
 
Nb has one of the most important roles of the microalloying elements in thermomechanically rolled 
steel. Its addition is considered to have three principal effects on refining the final grain size: (1) as an 
inhibitor of austenite grain coarsening during reheating, (2) retarding austenite recrystallisation prior to 
γ/α transformation, which provides more nuclei for the γ/α transformation and thus a finer grain size, 
through the strain induced precipitation of NbC and solute drag effect, and (3) as a consequence of the 
relatively large atom size of the Nb the transformation temperature (γ/α) decreases, thus increasing the 
ferrite nucleation rate as well. 
 
Nb, Mn, C and surprisingly Cu play a similar role by retarding the γ/α transformation, which gives a 
further strength increase by refining the ferrite grains and promoting the formation of bainite. Note, 
from torsion tests results, that Cu addition reduces the phase transformation temperature (A3r). 
 
On the other hand, B is an efficient promoter of bainite as it suppresses the nucleation of ferrite by 
segregating to the austenite grain boundaries, thus retarding the transformation to ferrite. Such 
segregated atoms could affect the nucleation rate during phase transformation, increasing the final grain 
size d15º. Small B additions effectively reduce the formation of pearlite and quasi-polygonal ferrite and 
broaden the cooling rate region for bainite [10].  Small B additions also reduce both the Ar3 and Ar1 
temperatures.  
 
The efficiency of the B addition is usually considered to depend on an addition of Ti that combines with 
nitrogen thus preventing the formation of boron nitrides; the Ti addition therefore protects the B from 
precipitation. The level of Ti addition is controlled as a function of the N level, to ensure a 
stoichiometric Ti/N ratio, but, surprisingly, the results in this project did not show differences between 
the low and high levels of Ti. 
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6.1.6 Dilatometry 
 
6.1.6.1  Experimental method and results 
 
CCT diagrams were constructed for each cast using dilatometer studies.  The heating and cooling rate 
up to the deformation steps was 5°C/s.  The samples were heated to 1200°C and austenitised for 
10 minutes. A holding time of 3s was applied before each of two deformation steps, where the rate of 
deformation was 3/s and the strain at both deformation steps was 0.6.  This schedule is shown 
schematically in Figure 11. 
 
 
 
 
(a) Sample used in dilatometry studies (b) Schedule of reheating and deformation 
 
Figure 11: Detail of the dilatometry work for the determination of CCT diagrams 
 
To produce CCT diagrams, the samples were analysed by light optical microscopy (LOM) and the 
hardness for all samples was measured. With this information, it is possible to gain an overview about 
the influence of different alloying elements on the phase transformation. 
 
In Table 26, the values of hardness as a function of cooling rate are listed. Shaded squares indicate that 
100% bainite was formed at the specified cooling rate. For most of the casts there were traces of 
residual austenite at slower cooling rates, but it was not possible to quantify the amount of this phase by 
LOM. 
 
The main microstructure was bainitic, Table 26. In dependence of the alloying system, the critical 
temperature for 100 % bainite is shifted to lower or higher cooling rates.  
 
For example at stage 1, for the higher Mn content of 2.1% there was a martensitic microstructure at the 
highest cooling rate.  The same happened when C was added in stage 2, just with a higher effect.  There 
was still martensitic microstructure at slower cooling, e.g. casts A045 and A046 and an increase in 
hardness with increases of Mn and C. Considering the increase of Nb content in stage 2, the table 
reveals that the ferrite/pearlite phase transformation is shifted to slower cooling rates. A decrease in the 
C- and Nb-content led to a constriction of the bainite phase transformation field. Regarding stage 3, it 
was noted that a variation of Ti and B content did not have a big influence on the kind of phase 
transformation but it did increase the hardness.  Only in the case of the low B cast A047, ferrite 
formation appeared with slower cooling rates. In the case of high B content, martensite was formed in 
addition to bainite at slow cooling rates.  Consequently, the hardness values for the casts A048 and 
A050 were at a high level.  
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Table 26: Hardness (HV10) as function of cooling rate (shaded squares = 100 % bainite) 
 
Average cooling rate, °C/s 
Stage Run Cast Type 
95.0 34.0 19.8 8.5 4.3 2.1 1.1 0.5 0.3 
1 A027 Cu 224 222 216 215 213 213 205 182 165
2 A028 Ni 235 222 219 217 211 211 208 197 169
3 A029 Mo 228 220 219 218 217 207 188 175 169
4 A030 NiMoCu 250 234 231 226 224 223 221 212 186
5 A031 Cr 245 229 224 224 219 215 197 176 161
6 A032 NiCuCr 260 248 237 236 230 229 223 210 183
7 A033 MoCuCr 263 244 241 241 231 232 221 196 174
8 A034 MoNiCr 253 246 237 237 237 245 230 202 181
9 A035 Mn 237 234 223 223 218 214 211 184 174
10 A036 MnNiCu 262 244 235 227 226 223 223 214 200
11 A037 MnMoCu 283 258 254 254 250 246 244 239 205
12 A038 MnNiMo 285 269 251 248 243 237 241 241 228
13 A202 MnCuCr 278 254 244 242 237 237 232 217 197
14 A203 MnNiCr 282 250 242 241 234 234 231 226 203
15 A041 MnMoCr 309 271 254 253 250 250 250 245 226
1 
16 A042 MnNiMoCuCr 338 291 274 267 264 264 264 264 256
1 A043 lowC-lowNb 227 206 207 206 206 204 193 191 174
2 A044 lowC-highNb 230 222 218 211 210 203 203 203 194
3 A045 highC-lowNb 344 274 267 261 247 241 237 239 210
2 
4 A046 highC-highNb 364 295 266 253 250 250 250 244 226
1 A047 lowTi-lowB 301 273 262 251 248 240 238 237 211
2 A048 lowTi-highB 331 307 287 259 250 250 250 250 248
3 A049 highTi-lowB 263 247 247 242 238 237 237 219 192
3 
4 A050 highTi-highB 343 303 287 275 256 250 247 248 254
 A039 C-MnCuCr 383 309 291 276 269 264 264 254 224additional 
 A040 C-MnNiCr 386 319 295 282 273 267 266 259 242
 81351 MnNiCu-1Cr 303 269 263 251 254 245 244 224 206
 16685 Cr 268 231 231 222 216 213 202 184 164industrial 
 81913 NiCuCr 256 234 224 222 218 216 202 176 164
 
Comparing the laboratory casts with the industrial ones, it was noticeable that there was a high 
agreement between A031 and 16685. Slight differences in the content of Mn and Cr have not had a big 
influence on the phase transformation behaviour or on the hardness. Just at the highest cooling rate, the 
industrial cast showed a higher hardness value. Also, it is of interest to compare the industrial cast 
81913 with A032. They differ in Ni, Cu and Cr content. This led to pearlite formation at slow cooling 
rates in the industrial cast while there was also a small martensitic transformation but mainly ferrite 
formation at the same rates in the laboratory cast. The decreases in hardness, 70 and 90 HV, from 
highest to slowest cooling rate was greater in the industrial cast.  
 
6.1.6.2 Regression analysis 
It was observed that the hardness was a linear function of logCR for the intermediate CRs, when the CR 
is higher than a certain value (upper limit) and lower than another (lower limit).  These limit values 
were estimated by eye for all the 24 casts.  At CRs lower than lower limit, the hardness drops below 
log-linear lines.  Microstructurally, it is probable that this corresponds to the appearance of significant 
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amounts of polygonal ferrite. At cooling rates higher than the upper limit, the hardness increased above 
the log-linear lines, presumably due to the appearance of increasing amounts of martensite.  Therefore 
lower limit and upper limit are related to the critical cooling rates for the appearance of martensite at 
one end and polygonal ferrite at the other. So, this analysis indicates that the central range of CR (lower 
limit CR < CR < upper limit CR) gives the hardness of bainite. 
Two models have been generated to predict the upper and lower limits of cooling rates which define the 
central range (lower limit logCR < logCR < upper limit logCR).  Once the limits have been established, 
the models for the three ranges have been applied: 
• Lower range (logCR < lower limit CR),  
• Central range (lower limit logCR < logCR < upper limit logCR) and  
• Upper range (logCR > upper limit logCR). 
 
Table 27: Coefficients, Standard Errors and Significances of variables for the Upper and Lower limit 
Cooling Rates from CCT diagrams 
Table 28: Coefficients, Standard Errors and Significances of variables for the Central Range hardness 
from CCT diagrams 
(Lower Limit logCR < logCR < Upper Limit logCR) 
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Table 29: Coefficients, Standard Errors and Significances of variables for the Upper and Lower limit 
hardness from CCTs diagrams. 
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Figure 13: Experimental vs. predicted plots of Cooling Rates for upper and lower limit for the 24 casts 
6.1.7 Torsion Tests 
 
6.1.7.1 Experimental methods and results 
 
The experimental procedure of multipass torsion tests, carried out for the determination of the no-
recrystallisation temperature (Tnr) was as follows: 
 
Specimens were reheated in an induction furnace to 1250ºC (soak temperature) for 15 minutes to 
dissolve almost all Nb.  Then, the specimens were cooled down from 1250ºC to 1150ºC (first pass of 
deformation) at 1ºC/s.  Deformation at constant temperature in steps of 3.0=ε  and at a strain rate 
1s 1 −=ε& was started at 1150ºC and continued until 690ºC.  The number of passes was 24, the interpass 
time was 20 seconds and the temperature steps between passes was 20ºC (cooling at 1ºC/s).  The 
schedule is shown schematically in Figure 14. 
Figure 14: Thermal and mechanical cycle for multipass torsion tests  
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Stress-strain curves show that stress increases as the temperature drops, as well as a greater tendency 
towards hardening after approximately 10 passes. On the other hand a reduction in the level of stress 
can be observed, denoting the start of the γ → α phase transformation, Figure 15 (a). 
 
The Tnr values were calculated, following the procedure development by Jonas and co-workers [11] 
from the plot of Mean Flow Stress vs. Inverse Absolute Temperature.  The Mean Flow Stress (MFS) 
corresponding to each pass has been calculated by numerical integration and plotted against the inverse 
absolute temperature. The MFS has been defined as the area under each stress-strain curve divided by 
the pass strain, Figure 15 (b). 
 
Three different regions can be clearly distinguished:  
• Region I: Where it is supposed that complete recrystallisation (100 %) occurs between 
passes and the stress increases from pass to pass are only due to the temperature drop. 
• Region II: Where recrystallisation between passes is inhibited by strain induced 
precipitation. The stress increases more rapidly due to both, the temperature drop and 
the accumulation of strain. 
• Region III: Corresponds to the austenite-ferrite region. The stress reduction from the 
start of the transformation of austenite to softer ferrite phase (Ar3 temperature). 
 
The Tnr value is determined from the intersection between the regression lines of the points 
corresponding to regions I and II. 
Another useful parameter is the recrystallised fraction between passes, shown in  
Figure 15 (c).  The anisothermal interpass fractional softening (FS) is determined from the stress-strain 
curves obtained in multipass tests using the following equation:  
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σ
σσσ
 
 
where σim and σyi+1 are the maximum and the yield stresses for both, the i-th (at temperature Ti) and the 
(i+1)st (at temperature Ti+1) passes respectively, while σio and σoi+1 are the yield stresses of a fully 
recrystallized material for the i-th and (i+1)st passes. The yield stresses are determined by the 2 % 
offset method. σim and σyi+1 are derived from the pass to pass flow curves, while σio and σoi+1 are 
determined from a relationship which has been derived from the values of yield stresses measured in the 
stress-strain curves corresponding to the range of complete recrystallisation. 
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Figure 15: Curves of (a) stress vs. strain, (b) MFS vs. 1/T, and (c) FS vs. 1/T for cast A032  
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Table 31: Critical and phase transformation temperatures (ºC) from torsion tests. 
 
Stage Run Cast Type RLT TNR RST A3R A1R 
1 A027 Cu 1053 1022 920 810 752
2 A028 Ni 991 983 867 790 728
3 A029 Mo 1057 1030 937 830 773
4 A030 NiMoCu 1055 1030 920 784 734
5 A031 Cr 1060 1034 939 849 770
6 A032 NiCuCr 1100 1045 941 789 731
7 A033 MoCuCr 1051 1024 942 810 756
8 A034 MoNiCr 1058 1038 940 790 728
9 A035 Mn 1028 1027 900 780 730
10 A036 MnNiCu 1048 1020 910 729 *
11 A037 MnMoCu 1048 1020 912 770 730
12 A038 MnNiMo 1056 1028 938 748 711
13 A202 MnCuCr 1033 1014 898 748 *
14 A203 MnNiCr 1030 1010 884 730 *
15 A041 MnMoCr 1080 1037 930 788 730
1 
16 A042 MnNiMoCuCr 1072 1023 933 730 *
1 A043 lowC-lowNb 1033 1008 901 772 729
2 A044 lowC-highNb 1069 1037 943 792 730
3 A045 highC-lowNb 1040 1022 929 750 707
2 
4 A046 highC-highNb 1060 1060 930 750 708
1 A047 lowTi-lowB 1048 1028 939 770 710
2 A048 lowTi-highB 1072 1053 947 750 712
3 A049 highTi-lowB 1046 998 897 770 708
3 
4 A050 highTi-highB 1079 1072 976 750 712
A039 C-MnCuCr 1058 1015 909 748 *
A040 C-MnNiCr 1048 1018 886 720 *additional 
C228 all low  
81913 NiCuCr 1023 1014 906 828 750
16685 Cr 1046 1016 907 808 750
81351 MnNiCu-1Cr 1005 1002 * 740 *
Industrial 
02098 Nb-V 1030 1010 900 809 751
* Not observed 
6.1.7.2 Regression analysis 
 
Table 32: Coefficients, Standard Errors and Significances of variables for the Critical Temperatures 
(RLT, Tnr & RST) from Torsion tests. 
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Table 33: Coefficients, Standard Errors and Significances of variables for the Phase Transformation 
Temperatures (RLT, Tnr & RST) from Torsion tests. 
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6.1.7.3 Summary of torsion test results  
 
From the multipass torsion tests the critical temperatures of Tnr, RLT and RST, describing 
recrystallisation behaviour, as well as the critical temperatures of Ar3 and Ar1, for phase transformation, 
were determined for all the casts.  
 
The results have shown that there are not significant differences in the values of recrystallisation critical 
temperatures found for the different compositions. Tnr ranges between 983ºC and 1056ºC, minimum and 
maximum values, but most of the data are situated about 1020-1030ºC. A similar situation occurs with 
the RLT and RST temperatures.  This means that these temperatures are not very sensible for the 
consideration of composition changes.  This is clearly evident from the regression analysis of the results 
shown in Table 27. In the calculated response equations only the effect of boron addition, increasing all 
the recrystallisation critical temperatures, appears clearly.  Beyond this element some influence of Cr 
and Mo, also in the same direction, is observed.  The higher values of Tnr, RLT and RST reached when 
boron is added to the steel can be explained in part in terms of the influence of boron on the 
precipitation kinetics of Nb(C,N); a contribution may also be made by the non-equilibrium segregation 
of boron to austenite grain boundaries.  The results of Djahazi et al.[12] and [13] demonstrated that 
boron addition accelerates the precipitation process by increasing the precipitation start temperature and 
decreasing the precipitation start time.  This means that precipitation is able to retard recrystallisation at 
higher temperatures than in steels containing only Nb, thus leading to an increase of the Tnr.  
 
On the other hand the influence of Mo and Cr may be understood in terms of their effect in retarding 
recrystallisation by solute drag. Surprisingly the regression equations did not show any effect of Nb. 
This is probably due to the range of Nb additions considered, between 0.05% and 0.12% Nb.  The 
present results suggest some saturation of the effect of Nb in retarding recrystallisation at these high Nb 
levels occurs. Similar results can be found in the work of Bai et al. [14]  
In contrast Ar3 and Ar1 temperatures show bigger differences with the composition. C and B have the 
strongest effect followed by alloying elements, mainly Ni, Mn and Cu, all of them depressing the 
transformation temperatures. 
 
6.1.8 Tensile tests 
 
6.1.8.1 Experimental method and results 
 
Round tensile test specimens with 25mm gauge length and 5mm cross section diameter, Figure 17, were 
machined from the bars so that it was in most cases possible to get out more than 1 sample from each 
bar.  Testing was performed to the requirements of EN 10002-1: 2001 with an INSTRON 1255 servo 
hydraulic testing machine supported by Control Panel 8500+. An optical deformation and strain 
measurement system ARAMIS was used to determine the stress-strain curves. 
 
Figure 17: Geometry of round tensile test specimen 
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Sample preparation and testing was completed in several batches and some problems arose with 
material supply resulting in missing conditions.  Based on the review of all tensile data, a number of 
tensile curves and data sets were disregarded in the analysis of the experimental design due to large 
scatter in results, some of which was due to segregation in the plate. 
The average proof stress values, after reviewing (‘filtering’), are shown in Table 35 and the tensile 
strengths are shown in Table 36. 
Table 35: Proof stress values 
Proof Stress, MPa 
Stage Run Cast Type 
C D E F G H 
1 A027 Cu 460 454 567 605 577 630 
2 A028 Ni 476 471 544 598 566 626 
3 A029 Mo 490 479 580 557 581 608 
4 A030 NiMoCu 493 499 560 602 576 720 
5 A031 Cr 511 516 555 562 617 651 
6 A032 NiCuCr 461 469 535  616 636 
7 A033 MoCuCr 455 495 605 615 633  
8 A034 MoNiCr 447 452 580 616 589 687 
9 A035 Mn 446 482 564 609 628 643 
10 A036 MnNiCu 470 508  575 573  
11 A037 MnMoCu 516 497 671 682 708 676 
12 A038 MnNiMo 577 520 624 632 674 703 
13 A202 MnCuCr 522 480 639 599 623 483 
14 A203 MnNiCr 560 492 582 605 616 660 
15 A041 MnMoCr 574 538 649 643 753 662 
1 
16 A042 MnNiMoCuCr 691 710 696 694 763 712 
1 A043 lowC-lowNb 473 526 529 525 526 560 
2 A044 lowC-highNb 448 493 599 591 618 667 
3 A045 highC-lowNb 520 462 570 708 665 642 
2 
4 A046 highC-highNb 581 525 596 605 635 690 
1 A047 lowTi-lowB 521 470 631 609 653 655 
2 A048 lowTi-highB 673 681 713 660 744 727 
3 A049 highTi-lowB 474  605 655 643 702 
3 
4 A050 highTi-highB 673 680 702 663 767 736 
A039 C-MnCuCr 540 502 650 647 623 626 additional 
A040 C-MnNiCr 558 554 635 670 606 622 
81351 MnNiCu-1Cr 530 446 607 589 641 649 
02098 Nb-V 478  536 568 554 561 
16685 Cr 460 484 470 518 579 603 
industrial 
81913 NiCuCr 457 463 555 566 581 593 
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Table 36: Tensile strength values 
Rm, MPa Stage Run Cast Type 
C D E F G H 
1 A027 Cu 520 512 634 649 648 689 
2 A028 Ni 530 516 655 665 634 658 
3 A029 Mo 537 521 684 639 661 664 
4 A030 NiMoCu 593 606 692 731 759 778 
5 A031 Cr 540 551 661 666 711 716 
6 A032 NiCuCr 548 551 701  700 716 
7 A033 MoCuCr 554 609 722 698 780  
8 A034 MoNiCr 577 587 716 761 743 747 
9 A035 Mn 507 544 681 720 679 681 
10 A036 MnNiCu 626 581  696 715  
11 A037 MnMoCu 659 608 785 820 857 839 
12 A038 MnNiMo 751 685 767 747 805 802 
13 A202 MnCuCr 673 624 775 743 790 629 
14 A203 MnNiCr 713 654 743 746 769 755 
15 A041 MnMoCr 731 730 797 786 856 830 
1 
16 A042 MnNiMoCuCr 850 873 841 851 910 849 
1 A043 lowC-lowNb 539 572 635 655 654 650 
2 A044 lowC-highNb 537 542 680 695 698 712 
3 A045 highC-lowNb 809 721 774 834 787 820 
2 
4 A046 highC-highNb 771 741 792 808 818 843 
1 A047 lowTi-lowB 698 635 786 762 813 797 
2 A048 lowTi-highB 829 843 833 811 866 805 
3 A049 highTi-lowB 605  731 737 754 778 
3 
4 A050 highTi-highB 834 866 824 834 873 849 
A039 C-MnCuCr 781 747 727 877 765 750 additional 
A040 C-MnNiCr 789 804 864 854 838 822 
81351 MnNiCu-1Cr 656 633 743 779 807 812 
02098 Nb-V 553  694 662 678 661 
16685 Cr 551 544 712 695 690 676 
industrial 
81913 NiCuCr 525 531 650 655 667 650 
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6.1.8.2 Regression analysis  
 
Table 37: Coefficients, Standard Errors and Significances of variables for Proof stress and Tensile 
strength. 
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6.1.9 Charpy impact test  
 
6.1.9.1 Experimental method and results 
 
Charpy impact tests were carried out on 2 mm V notched specimens to EN 10045 using an impact 
testing machine with an energy capacity of 1448 J and an impact velocity of 7.74 m/s.  The number of 
samples varied between 8 and 20 samples per plate.  Impact transition curves were determined by 
means of the modified tanh fitting algorithm of Wallin [15]. 
The response variables of the Charpy impact tests are listed in Table 39, for ITT 27J, Table 40 for 
ITT 0.5Kvmax and Table 41, for Kvmax.  
Table 39: 27J impact transition temperatures of all plates 
ITT 27J, °C 
Stage Run Cast Type 
C D E F G H 
1 A027 Cu -130 -152 -135 -165 -133 -140 
2 A028 Ni -147 -156 -167 -173 -142 -166 
3 A029 Mo -50 -87 -62 -93 -55 -81 
4 A030 NiMoCu -131 -170 -156 -177 -129 -123 
5 A031 Cr -119 -136 -127 -151 -92 -116 
6 A032 NiCuCr -123 -161 -141  -143 -178 
7 A033 MoCuCr -133 -151 -133 -167 -102 -155 
8 A034 MoNiCr -127 -152 -121 -157 -115 -127 
9 A035 Mn -91 -144 -130 -144  -156 
10 A036 MnNiCu -139 -187 -136 -179 -131 -171 
11 A037 MnMoCu -127 -145 -114 -174 -133 -152 
12 A038 MnNiMo -96 -156 -98 -152 -86 -121 
13 A202 MnCuCr -62 -124 -98 -134 -78 -118 
14 A203 MnNiCr -70 -123 -96 -141 -72 -139 
15 A041 MnMoCr -79 -124 -81 -125 -82 -99 
1 
16 A042 MnNiMoCuCr -52 -100 -73 -111 -46 -106 
1 A043 lowC-lowNb -111 -187 -112 -183 -108 -145 
2 A044 lowC-highNb -146 -171 -138 -162 -125 -126 
3 A045 highC-lowNb -45 -91 -77 -107 -41 -93 
2 
4 A046 highC-highNb -42 -85 -44 -106 -57 -94 
1 A047 lowTi-lowB -110 -146 -100 -145 -101 -135 
2 A048 lowTi-highB -63 -123 -68 -93 -62 -83 
3 A049 highTi-lowB -101 -150 -123 -154 -79 -142 
3 
4 A050 highTi-highB -68 -109 -51 -98 -32 -81 
A039 C-MnCuCr -99 -140 -103 -136 -104 -165 additional 
A040 C-MnNiCr -96 -147 -92 -142 -100 -130 
81351 MnNiCu-1Cr -109 -173 -146 -161 -99 -155 
02098 Nb-V -94 -128 -133 -122 -104 -128 
16685 Cr -119 -143 -118 -155 -108 -151 
industrial 
81913 NiCuCr -105 -111 -117 -122 -93 -105 
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Table 40: Ductile to brittle transition temperature of all plates 
ITT 0.5Kvmax, °C 
Stage Run Cast Type 
C D E F G H 
1 A027 Cu -96 -141 -126 -121 -106 -123 
2 A028 Ni -120 -138 -134 -151 -109 -131 
3 A029 Mo -24 -47 -27 -58 -29 -42 
4 A030 NiMoCu -101 -128 -110 -155 -107 -86 
5 A031 Cr -99 -125 -98 -126 -59 -76 
6 A032 NiCuCr -81 -136 -121 -138 -123 -154 
7 A033 MoCuCr -87 -138 -118  -67 -137 
8 A034 MoNiCr -99 -139 -112 -141 -101 -114 
9 A035 Mn -55 -126 -114 -97  -111 
10 A036 MnNiCu -89 -134 -115 -144 -82 -139 
11 A037 MnMoCu -90 -101 -85 -110 -76 -89 
12 A038 MnNiMo -74 -115 -74 -123 -52 -80 
13 A202 MnCuCr -29 -78 -69 -98 -28 -77 
14 A203 MnNiCr -41 -87 -66 -105 -45 -102 
15 A041 MnMoCr -58 -77 -52 -91 -46 -69 
 
1 
16 A042 MnNiMoCuCr -22 -66 -40 -78 -15 -68 
1 A043 lowC-lowNb -68 -115 -93 -127 -66 -118 
2 A044 lowC-highNb -133 -151 -122 -146 -114 -103 
3 A045 highC-lowNb -26 -38 -29 -69 -16 -47 
2 
4 A046 highC-highNb 26 8 -5 -63 -30 -43 
1 A047 lowTi-lowB -76 -96 -66 -84 -64 -85 
2 A048 lowTi-highB -29 -69 -34 -49 -19 -22 
3 A049 highTi-lowB -58 -107 -104 -140 -66 -128 
3 
4 A050 highTi-highB -32 -69 -21 -56 -8 -54 
A039 C-MnCuCr -55 -63 -59 -82 -49 -99 additional 
A040 C-MnNiCr -38 -40 -32 -105 -41 -35 
81351 MnNiCu-1Cr -82 -129 -120 -138 -55 -110 
02098 Nb-V -57 -101 -106 -91 -88 -101 
16685 Cr -104 -136 -93 -116 -77 -128 
industrial 
81913 NiCuCr -81 -88 -69 -95 -74 -72 
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Table 41: Kvmax of all plates 
Kvmax, J 
Stage Run Cast Type 
C D E F G H 
1 A027 Cu 284 282 280 301 271 260 
2 A028 Ni 270 302 334 283 302 281 
3 A029 Mo 245 235 206 169 137 168 
4 A030 NiMoCu 287 314 314 296 278 236 
5 A031 Cr 304 304 301 278 282 244 
6 A032 NiCuCr 289 302 282  288 307 
7 A033 MoCuCr 334 286 259 289 277 278 
8 A034 MoNiCr 336 310 297 298 291 271 
9 A035 Mn 363 322 288 324  316 
10 A036 MnNiCu 297 304 288 313 314 310 
11 A037 MnMoCu 290 284 285 316 324 314 
12 A038 MnNiMo 270 254 275 237 276 280 
13 A202 MnCuCr 249 272 294 290 255 252 
14 A203 MnNiCr 254 267 276 280 258 294 
15 A041 MnMoCr 243 256 276 253 242 256 
1 
16 A042 MnNiMoCuCr 245 244 270 258 253 227 
1 A043 lowC-lowNb 290 299 248 302 284 282 
2 A044 lowC-highNb 349 348 296 304 302 296 
3 A045 highC-lowNb 91 120 235 161 223 208 
2 
4 A046 highC-highNb 211 206 216 299 231 235 
1 A047 lowTi-lowB 222 221 275 233 249 216 
2 A048 lowTi-highB 224 221 245 213 214 177 
3 A049 highTi-lowB 282 282 289 262 245 269 
3 
4 A050 highTi-highB 240 252 248 242 154 244 
A039 C-MnCuCr 114 131 231 140 203 200 additional 
A040 C-MnNiCr 120 137 255 155 226 216 
81351 MnNiCu-1Cr 228 240 281 256 264 226 
02098 Nb-V 268  214 195 218 213 
16685 Cr 291 296 248 293 312 284 
industrial 
81913 NiCuCr 303 284 279 277 244 280 
It can be seen that the higher reduction ratio resulted in better impact toughness; both ITT 27J and ITT 
0.5Kvmax were shifted to lower temperatures for all three cooling conditions with RR=4 (conditions D, 
F, and H) compared to RR = 2 (conditions C, E, and G). 
The values of Kvmax should be used with caution, because the high toughness of most of these steels 
resulted in specimens that did not break-through, they deformed sufficiently to pass through the 
abutment of the impact-testing machine.  For this reason, regression analysis was not carried out for 
Kvmax as a measured parameter.  
The Charpy test results will be the subject for a PhD thesis at RWTH Aachen. 
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6.1.9.2 Regression analysis 
Two approaches were undertaken in the regression analysis; one was to force the grain size to be in the 
regression and the other was to use only the composition and processing conditions. 
 Toughness –considering the grain size of 15° 
 
Table 42: Coefficients, Standard Errors and Significances of variables for ITT 27J and 0.5Kvmax. 
including grain size of 15° as a parameter 
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 Toughness – without considering the grain size of 15° 
 
Table 44: Coefficients, Standard Errors and Significances of variables for ITT 27J and 0.5Kvmax. 
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6.1.10 Welding simulations  
 
6.1.10.1   Experimental method and results 
 
Weld simulation was carried out by reheating to 1250oC followed by controlled cooling.  Two cooling 
conditions were used having cooling times of 8 s and 30 s through the range 800 - 500 oC. Brittle 
fracture resistance was determined on parent and simulated HAZ material from laboratory rolled test 
plates by producing Charpy V notch impact transition curves and determining the transition 
temperatures and measuring the hardness of the microstructure, Table 46.  The duplication of hot rolled 
plate transition curves, which should have been consistent with the properties of air-cooled plate, 
enabled the mis-identification of two plates to be realised and corrected.  The results of cast A029 show 
higher transition temperatures; this steel was the one found on analysis to have low aluminium and 
titanium contents. 
Table 46: Hardness and toughness of welding tests 
Cast 
8s ITT 
0.5Kvmax 
(oC) 
30s ITT 
0.5Kvmax 
(oC) 
Parent 
(HV5) 
8s 
(HV5) 
30s 
(HV5) 
8s 27J 
ITT (oC) 
30s 27J 
ITT (oC) 
A027 -40 -48 184 236 215 -60 -65 
A028 -60 -56 168 231 224 -79 -80 
A029 20 28 170 238 214 7 13 
A030 -50 -46 186 252 242 -90 -80 
A031 -33 -27 164 249 240 -92 -48 
A032 -51 -49 194 273 252 -100 -78 
A033 -40 -31 184 249 248 -90 -75 
A034 -54 -65 198 255 228 -85 -78 
A035 -38 -60 184 226 230 -58 -95 
A036 -45 -67 206 257 239 -97 -98 
A037 -51 -63 202 261 256 -95 -83 
A038 -70 -55 232 293 294 -98 -85 
A202 -48 -42 181 266 250 -85 -82 
A203 -50 -55 236 265 245 -100 -85 
A041 -47 -61 213 295 279 -97 -90 
A042 -70 -68 275 331 300 -100 -98 
A043 -46 -47 169 239 203 -84 -87 
A044 -53 -50 176 241 228 -78 -79 
A045 0 4 256 312 286 -37 -39 
A046 -52 -72 222 335 322 -98 -95 
A047 -70 -48 207 306 296 -102 -79 
A048 -82 -45 259 304 281 -98 -71 
A049 -41 -33 202 299 258 -78 -58 
A050 -19 -13 270 314 295 -61 -20 
        
Validation  
casts        
A039 -17 -13 266 337 291 -67 -39 
A040 -33 -25 224 365 319 -85 -38 
81913 -65 -60 175 256 218 -75 -72 
16685 -33 -13 181 288 252 -65 -50 
30257 -30 -45 212 259 247 -70 -70 
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6.1.10.1.1 Regression analysis 
 
Table 47: Coefficients, Standard Errors and Significances of variables for parent material hardness. 
 
 
Table 48: Coefficients, Standard Errors and Significances of variables for Heat Affected Zone (HAZ) 
hardness. 
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6.1.11.2  Dilatometry 
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Figure 25: Experimental vs. predicted plots for CCT hardness, for the validation casts 
The predictions for the 24 casts and the 6 validation casts show that the models obtained are able to 
predict hardness fairly accurately. 
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6.1.11.6  Welding simulation 
 
Model Adequacy - Validation Casts
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Figure 31: Experimental vs. predicted plots for parent material and HAZ hardness, for the validation 
casts 
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6.1.12 Conclusions from the regression analyses 
The regression analyses have shown that equations based on the results of the twenty-four compositions 
under the six rolling conditions could be used to predict the results of other compositions processed in 
the laboratory under similar conditions by using the logarithms of the cooling rates between 850°C and 
550°C, logCR1, and between 550°C and 20°C. 
6.2 Thick-walled welded pipe 
The aim of this work-package was to determine the properties that could be obtained in plates processed 
in the air-cooled condition. Plates of 14.6 mm, 20.9 mm and 25.4 mm thickness were produced and 
processed to pipe using the UOE forming method.  
6.2.1 Composition and Processing 
All of the plates were produced from cast 81913, which had the analysis shown in Table 52. 
Table 52: Composition of cast 81913  
C Si Mn P S Al Nb V Cu 
0.053 0.18 1.59 0.013 0.0038 0.037 0.097 0.001 0.23 
Cr Ni N Mo Ti Ca B Pcm CEV 
0.26 0.17 0.006 0.002 0.016 0.0013 - 0.17 0.40 
 
The processing conditions are summarised in Table 53. 
Table 53: Details of the evaluated plates and pipes   
Product 
ID 
Slab size 
(mm) 
Transfer bar 
thickness 
(mm) 
SRT
(°C)
EHT
(°C)
FRT
(°C)
Plate 
thickness
(mm) 
Reduction 
Ratio 
Processed 
to pipe 
Pipe outer 
diameter 
(mm) 
PE111 230 x 1610 54.3 1198 859 775 14.6 3.7 YBWA1 610 
PB329 230 x 1970 86.3 1236 798 708 20.9 4.1 YBRP2 914 
PA665 230 x 1970 80 1182 798 720 25.4 3.1 YBRM1 914 
PA666 230 x 1970 80 1196 780 715 25.4 3.1 YBRM3 914 
PC943 230 x 1970 105 1195 824 712 25.4 4.1   
 
The steel was also processed on a laboratory mill to produce three 20 mm thick plates to study the effect 
of finish rolling temperature on the microstructure and mechanical properties in the air-cooled 
condition.  Feedstock from the 50 mm thick plate rolled in work-package 4 was reheated to 1220°C and 
rolled to 20 mm thickness with pass exit thickness values of 40, 32, 27, 23 and 20 mm.  The finish 
rolling temperatures were 880, 950 and 1031°C. 
6.2.2 Mechanical Properties 
 
The measured tensile, impact and drop weight tear test properties of the commercially processed plates 
and pipes are shown in Table 54.  Elongation, A, values on plate material are for a 200 mm gauge 
length while those for pipe are for a 50 mm gauge length. 
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 Table 54: Mechanical properties of commercially processed plates and pipes 
Product ID Product t (mm) RR FRT (°C) 
Rt0.5 
(MPa)
Rm 
(MPa) A (%) Rt/Rm 
27 J ITT 
(°C) 
0.5Kvmax 
ITT (°C) 
DWTT 
(°C) 
PE111 Plate 14.6 3.7 775 439 533 26 0.82 -110 -90 -60 
PB329 Plate 20.9 4.1 708 533 592 18 0.90 -100 -85 -40 
PA665 Plate 25.4 3.1 720 479 541 18 0.89  -85  
PA666 Plate 25.4 3.1 715 512 581 23 0.88 -90 -75 -10 
PC943 Plate 25.4 4.1 712 496 543 22 0.91 -140 -140 -35 
YBWA1 Pipe 14.6 3.7  564 579 41 0.97 -110 -90 -60 
YBRP2 Pipe 20.9 4.1  513 611 44 0.84 -100 -85 -45 
YBRM1 Pipe 25.4 3.1  478 554 51 0.86    
YBRM3 Pipe 25.4 3.1  488 586 45 0.83 -90 -75 -15 
 
The impact transition curves are shown in Figure 33 and the drop weight tear test transition curves are 
shown in Figure 34. 
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Figure 33: Impact transition curves for average values of absorbed 
energy in the transverse orientation 
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Figure 34 Drop weight tear test transition curves 
 
The impact transition and DWTT transition curves showed that there was little effect of the pipe 
forming operation on the transition temperatures. 
The tensile and impact properties of the laboratory rolled plates are shown in Table 55.  
Table 55: Tensile and impact transition temperatures of laboratory rolled plates 
Code FRT (°C) 
Mean Rt0.5 
(MPa) 
Mean Rm 
(MPa) 
Mean 
Rt/Rm 
27 J ITT 
(°C) 
7JE119 1031 504 639 0.79 20 
7JE118 950 493 648 0.76 -10 
7JE117 880 454 611 0.74 -40 
 
A limited amount of fracture toughness testing to BS 7448 was carried out to determine a crack tip 
opening displacement, CTOD, transition curve for specimens taken from the 25.4 mm thick plate, 
PA665, and the results are shown in Table 56 and Figure 35. 
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 Table 56: Fracture toughness parameters measured from 25.4 mm thick plate   
Specimen 
orientation 
Test temp. 
(°C) 
CTOD 
(mm) J (J/mm²) 
KJ 
(MPa√m) Result type 
Valid to 
BS7448 
20 1.42 1.303 545.7 m y 
-20 0.304 0.243 235.7 c (type II pop-in) y 
-40 0.475 0.378 293.9 c (type II pop-in) y 
-80 0.07 0.058 115.1 c (type II pop-in) y 
-100 0.06 0.056 113.1 c y 
-100 0.046 0.039 94.4 c y 
-100 0.029 0.025 75.6 c y 
-100 0.103 0.091 144.2 c y 
-100 0.063 0.052 109.0 c y 
-100 0.069 0.059 116.1 c y 
Transverse 
-100 0.066 0.048 104.7 c y 
20 2.476 1.465 578.7 m y 
-40 2.094 1.903 659.5 m y 
-80 0.18 0.139 178.2 u y 
-120 0.019 0.016 60.5 c y 
-100 0.123 0.092 145.0 c (type II pop-in) y 
-110 0.06 0.05 106.9 c y 
-110 0.059 0.052 109.0 c y 
-110 0.127 0.11 158.6 c (type II pop-in) y 
-110 0.238 0.189 207.8 c y 
-120 0.018 0.017 62.3 c y 
-90 0.155 0.116 162.8 c (type II pop-in) y 
 
Longitudinal 
-60 0.71 0.63 379.5 c (type II pop-in) y 
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Figure 35: CTOD transition curve for 25.4 mm thick plate 
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6.2.3 Microstructure 
 
The grains sizes for the plates are shown in Table 57. 
Table 57: Grain sizes of hot-rolled plates from cast 81913 
 PE111 PB329 PA665 PA666 PC943 7JE117 7JE118 7JE119 
Thickness, 
mm 14.6 20.9 25.4 25.4 25.4 20 20 20 
FRT, oC 775 708 720 715 712 880 950 1031 
d-1/2, mm-1/2 13.0 14.6 13.9 - 15.2 8.9 7.5 6.1 
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Figure 36: Number fraction distribution and microstructures of laboratory rolled plates 
 
6.2.4 Weldability 
 
6.2.4.1 Thermal simulation 
 
Weld simulation was carried out by reheating to 1250oC followed by controlled cooling through the 
range 800 - 500oC and the impact energy absorbed at +20oC and -40oC for each condition was measured 
along with the hardness of the microstructure, Figure 37. 
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Figure 37: Toughness and hardness of simulated weld HAZ microstructures in plate PC943 
 
6.2.4.2 Tekken test 
 
Tekken tests were carried out to EN ISO 17642-2 to establish preheating requirements to avoid 
hydrogen cracking. 
 
Figure 38: Schematic of the Tekken test weld 
 
The properties of the electrodes and welding wire used in the Tekken tests are shown in Table 58. 
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 Table 58: Welding wire and electrodes used in the Tekken tests  
Weld metal properties Diffusible hydrogen 
Brand Classification Rp0.2 
(MPa) 
Rm 
(MPa) 
A 
(%) 
Glycerine 
method 
Mercury 
method 
Covered electrodes ml/100 g ml/100 g 
SL 12G 
Basic very low 
hydrogen 
EN 1599-97: 
E Mo B 32 H5 550 610 25 1.65 2.50 
Pipeliner 8P+ 
Cellulosic 
EN 499-94: 
E 46 4 1Ni C25 
460 - 
559 
550 - 
676 
19 - 
27 24.8 37.7 
Welding wire   
IMT NiMoCr EN 12534 Mn3NiCrMo > 620 > 700 > 17   
Examination of the weld microstructures after welding in the Tekken test identifies the welding 
conditions under which cracking occurs with the different consumables.  The Tekken test welding 
parameters and results for these two steels are shown in Table 59. 
 
Table 59: Tekken test results on material from plate PC943 
Current Voltage Speed Heat Input 
Preheat 
temperature 
A Volts cm/s kJ/cm C 
Result 
SL 12G 144 23.5 0.34 8.0 20 No cracks in 4 slices examined 
Pipeliner 
8P+ 118 24.5 0.34 6.7 20 
Cracks in weld 
for all 4 slices 
Pipeliner 
8P+ 118 24.5 0.34 6.7 100 
No cracks in 4 
slices examined 
Pipeliner 
8P+ 118 24.5 0.34 6.7 150 
No cracks in 4 
slices examined 
Four slices through the weld were examined and these examinations showed that cracking did not occur 
in the HAZ of the welds even with high levels of diffusible hydrogen, Figure 39. 
 
Indentation 
number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Row A 205 210 217 229 234 257 269 224 234 245 242 Parent = 164 
Row B 159 178 185 185 214 219 221 251 245 245 251 242 245 257 
 
Figure 39: Tekken test on plate PC943 with SL12G electrode  
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Cracking of the weld metal did occur with diffusible hydrogen levels of 37 ml/100 g when no pre-
heating temperature was applied, Figure 40. 
 
 
 
Indentation 
number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Hardness, 
HV1 156 171 217 234 245 283 276 283 251 276 269 276 272 272 
 
Figure 40: Tekken test on plate PC943 with Pipeliner 8P+ electrode with no pre-heat 
 
6.2.4.3 Girth Welding 
 
A girth weld was made in the 14.6 mm thick, 610 mm diameter pipe, identified as YBWA1.  The girth 
welding was coordinated and monitored [16] by Smart Engineering BV (the Netherlands) and was 
executed by MultiMetaal Constructie BV (the Netherlands) following a proposed welding procedure 
specification (pWPS), shown in Appendix B1.  The two welders who performed the welding were 
asked to comment on the performance of the wires with the material and to provide comments on the 
weldability of the parent material.  After the root run was completed they reported that the “new 
material” was similar to welding 13Cr or Duplex, when using gas tungsten arc welding, GTAW, which 
is welding process reference number 141.  The weld showed no surface defects under visual inspection. 
 
6.3 Hot-coiled plate for pipe 
 
Within work-package 3, the industrial implementation of different low carbon bainitic steels and their 
processing routes have been realised at two steel plants.  The idea was to develop high strength linepipe 
steel more cost effectively and with more reliability on the mechanical properties compared with 
ferritic-pearlitic materials.  The resulting mechanical properties have been studied for hot strip material 
and for large diameter linepipe material. EBSD characterisation of the strip microstructure was used. 
Simulation on the material behaviour for different welding conditions and for girth welding has been 
carried out.  Three trial heats were made at Ruukki, being rolled to 14 strips and two casts were 
produced in Salzgitter, resulting in 12 strips. One slab each was exchanged and mutually hot-rolled.  
The strips have mainly been formed into spiral pipes, two strips were processed to high-frequency 
induction welded pipes and one strip was rolled for structural application. 
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6.3.1 Steel compositions and processing conditions 
 
6.3.1.1 Steel compositions 
 
With the aim of achieving pipe steels with different strength levels, all containing a partly bainitic 
microstructure, the following casts were produced.  
 
Table 60: Compositions of casts for commercial rollings 
 
Cast C Si Mn P S Al Nb V Cu 
81351 0.043 0.20 1.96 0.007 0.0009 0.027 0.104 0.008 0.21 
17721 0.033 0.22 1.82 0.005 0.0015 0.027 0.052 0.004 0.02 
30619 0.042 0.30 1.81 0.006 0.0024 0.036 0.056 0.009 0.21 
30257 0.040 0.20 1.49 0.012 0.0040 0.031 0.068 0.005 0.49 
16685 0.050 0.32 1.75 0.009 0.0010 0.030 0.098 0.005 0.04 
 
           
Cast Cr Ni Ce N Mo Ti Ca B Pcm CEV
81351 1.01 0.22 0.003 0.0075 0.000 0.014 0.0018 0.0003 0.22 0.64 
17721 0.21 0.05 0.006 0.0070 0.003 0.013 0.0026 0.0003 0.14 0.38 
30619 0.21 0.20 0.007 0.0061 0.001 0.013 0.0019 0.0003 0.17 0.37 
30257 0.04 0.41 0.003 0.0046 0.008 0.014 0.0013 0.0019 0.16 0.35 
16685 0.27 0.04  0.0070 0.070 0.020 0.0012 0.0001 0.174 0.42 
 
Carbon was kept at a low level to prevent the formation of pearlite. Niobium was varied up to a level of 
0.10% to promote the formation of bainite during cooling and to increase the recrystallisation stop 
temperature.  Chromium was added in one cast to retard transformation and enable bainite formation 
during cooling.  Boron was alloyed for a similar purpose. 
 
A major aim was to keep the alloying costs low, and for that reason vanadium and molybdenum were 
not used in the alloy designs. 
 
6.3.1.2 Processing conditions 
When rolling high-strength linepipe steels with high toughness requirements on the hot strip mill, the 
roughing temperature is usually controlled by a holding period before or in between roughing rolling. 
Such pause or holding periods increase the production times and thus, lead to a lower production 
capacity.  With the chemical compositions given above, production times should be accelerated. 
The layouts of the hot strip mills are as shown in Figure 41 for the Ruukki mill and in Figure 42 for 
Salzgitter’s.  
 
 
 
Figure 41:  Layout of Ruukki`s hot strip mill 
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1 Slab roller table, 2 Deburring device, 3-5 Reheating furnaces, 6 Waste gas heat recovery, 7 High-
pressure water descaler, 8 Sizing press, 9 Roughing train, 10 Crop shears, 11 High-pressure water 
descaler, 12 Finishing train, 13 Runout table/strip cooling, 14 Downcoilers, 15 Transverse transport 
of coils, 16 Longitudinal transport of coils, 17 coil weighing machine, 18 Walking beam conveyer, 
19 V-plate conveyer, 20 Shears for cropping and sampling, 21 Outer coil binding, 22 Binding 
through coil eye, 23 Finish coil weighing machine 
Figure 42: Layout of Salzgitter`s hot strip mill 
 
Mean rolling parameters of the trial strips are given in Table 61.  Slab sizes, transfer bar thickness, slab 
reheating temperature, final roughing temperature, final strip rolling temperature, cooling rate, coiling 
temperatures, strip thickness and the pipe diameter are given. 
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Table 61: Processing conditions and dimensions for the commercial rollings 
Product 
ID Cast 
Slab size 
(mm) 
Transfer bar 
thickness 
(mm) 
SRT
(°C)
RFT
(°C)
FRT
(°C)
CR 
(°C/s)
CT
(°C)
Plate 
thickness 
(mm) 
Reduction 
Ratio 
Pipe outer 
diameter 
(mm) 
31 81351 210 x 1275 38  1113 866 33 579 10 3.8 813 
41 81351 210 x 1275 38  1111 855 39 599 10 3.8 813 
51 81351 210 x 1275 38  1125 905 24 550 10 3.8 813 
61 81351 210 x 1275 38  1141 871 32 562 10 3.8 813 
41 17721 210 x 1275 42  1051 894 18 482 12 3.5 813 
51 17721 210 x 1275 42  1056 886 16 553 12 3.5 813 
21 17721 210 x 1275 42  1004 891 15 505 16 2.6 1220 
69 17721 210 x 1275 42  996 877 13 547 16 2.6 1220 
21 30619 210 x 1520 42  1054 856 - 609 14 3.0 813 
31 30619 210 x 1520 42  1116 865 - 639 14 3.0 813 
41 30619 210 x 1520 42  1011 843 - 548 14 3.0 813 
61 30619 210 x 1520 42  1106 861 - 536 14 3.0 813 
71 30619 210 x 1520 42  1014 851 - 572 14 3.0 813 
79 30619 210 x 1520 42  1020 841 - 582 14 3.0 813 
2101 30257SZ 250 x 1553 38  1059 843 - 551 10 3.8 610 
783077 30257 250 x 1552 49 1220 950 810 5.4 575 14.1 3.5 1067 
783078 30257 250 x 1551 49 1220 950 810 4.6 600 14.1 3.5 1067 
783079 30257 250 x 1544 49 1220 950 810 3.4 650 14.1 3.5 1067 
783080 30257 250 x 1559 49 1220 950 810 4.4 600 14.1 3.5 1067 
937683 30257 250 x 1474 42 1220 1070 800 6.0 560 11 3.8 473 
837482 30257 250 x 1547 45 1250 1130 820 10.0 450 8 5.6 - 
883756 D81351 210 x 1262 42 1265 1050 830 9.9 450 11 3.8 403 
246062 16685 250 x 1555 48.5 1250 1000 840 10.9 450 14.1 3.4 1067 
246063 16685 250 x 1555 48.5 1250 1000 840 11.7 450 14.1 3.4 1067 
246064 16685 250 x 1555 48.5 1250 1000 840 11.7 450 14.1 3.4 1067 
246065 16685 250 x 1555 48.5 1250 1000 840 11.7 450 14.1 3.4 1067 
246066 16685 250 x 1555 48.5 1250 1000 840 11.7 450 14.1 3.4 1067 
246067 16685 250 x 1555 48.5 1250 1000 840 11.7 450 14.1 3.4 1067 
 
The slabs at Ruukki were extracted from the furnace at a temperature of approximately 1250°C.  All 
strips of cast 81351 rolled at Ruukki were rolled without holding periods during roughing. Roughing 
should be finished relatively high at temperatures above 1100°C.  Hot rolling schedules for cast 81351 
were designed with different aim finish rolling temperatures (850°C and 890°C). One further target 
coiling temperature (500°C) could not be reached. Due to the automation system, heat 17721 was rolled 
with a pause during roughing so that the coiling temperatures were reached. The strips of cast 30619 
were rolled with different final roughing temperatures in order to investigate the influence of the final 
roughing temperature on the toughness: every second strip was roughed at a higher temperature. No 
intermediate stand cooling was used. 
Cast 30257 was rolled with different coiling temperatures to investigate the effect of coiling plus boron 
on temperature on the strength and toughness. The roughing finishing temperature has not been 
measured due to scale and water remaining on the transfer bar, the values given were estimated. A 
holding period after slab extraction has been realised. The Ruukki slab being rolled in Salzgitter was 
cooled to 450°C to compare the properties with the higher cooling temperatures gained at Ruukki. Cast 
16685 has been extracted from the furnace and roughed at higher temperatures due to the higher amount 
of Nb and additionally the final strip rolling temperature was increased. No holding period was used. 
Also for the strips being rolled for HFI-pipe forming, no holding time was applied. 
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All of the strips rolled at Ruukki were processed to spiral pipes at Oulainen pipe mill. The strips hot-
rolled in Salzgitter have either been processed to spiral pipes at Salzgitter Großrohr or to longitudinal 
welded HFI-pipes at Salzgitter Mannesmann Linepipe. Strip 837482 was used for structural application. 
Figures 43 and 44 show the two types of pipe forming process. 
 
Figure 43: Schematic figure of spiral pipe forming 
 
Figure 44: Schematic figure of HFI-pipe forming 
Welding parameters of Ruukki’s pipe mill are given in Table 62. 
1. Pipe forming with continuous tack weld 2. Inside and Outside submerged
arc welding
B = 1200 ... 1500 mm
α = f (D = 610 ... 1676 mm)
α = 20 ... 40°
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 Table 62: Welding wire, flux and arc energy of Ruukki`s welding process  
Arc energy, kJ/mm 
Inside (6 o’clock) Outside (12 o’clock) Heat         Strip  Thick   Dia mm  mm Wire          Flux 
DC AC DC AC 
OK 13.43  OK 10.71 
OK 13.43  OK 10.71
0.8 
0.8 
0.6 
0.6 
0.9 
0.9 
0.4 
0.4 
81351         41     10     813 
                   61     10     813 
                   31     10     610 
                    51     10     610 Weld not tested 
17721         41     12     813 
                   51     12     813 
                   21     16   1220 
                   69      16   1220 
OK 12.20  OK 10.71 
OK 12.20  OK 10.71 
OK 12.24  OK 10.71 
OK 12.24  OK 10.71
0.9 
0.9 
1.3 
1.3 
0.8 
0.8 
0.9 
0.9 
1.0 
1.0 
1.4 
1.4 
0.4 
0.4 
0.6 
0.6 
OK 12.24  OK 10.71 1.0 0.9 1.2 0.5 
OK 12.24  OK 10.71 1.0 0.9 1.2 0.5 
OK 12.24  OK 10.71 1.0 0.9 1.2 0.5 
OK 12.24  OK 10.71 1.0 0.9 1.2 0.5 
OK 12.24  OK 10.71 1.0 0.9 1.2 0.5 
30619        21      14     813 
                  31      14     813 
                  41       14     813 
                  61       14     813 
                  71       14     813 
                 79       14     813 OK 12.24  OK 10.71 1.0 0.9 1.2 0.5 
30257S   2101     10    610 Weld not tested 
 
Table 63: Heat treatment after HFI-pipe forming 
Heat Coil Post-heat treatment of weld and HAZ Annealing of weld and HAZ 
30257 937683 950°C, water quenching 590°C, air cooling 
D81351 883756 920°C, air cooling  
 
The welding process has not been recorded for cast 30257 for spiral pipes.  
Table 64: Processing conditions for the spiral pipes of Salzgitter (cast 16685) 
 Inside Outside 
Wire EN 756-S0 EN 756-S0 
Flux EN 760-SA CS1 
EN 760-SA 
AB1 
Arc energy (kJ/mm) 2.1 1.7 
 
6.3.2 Mechanical properties  
 
6.3.2.1 Tensile properties 
 
Tensile test results of the pipe base material are given in Table 65.  Samples were taken transverse to 
the pipe axis (hoop direction). All values are average values of two resp. three tensile samples. All 
samples were prepared according to EN 10002, showing a rectangular cross section.  Samples taken 
from HFI-pipes were positioned at 3 o’clock for the transverse direction.  Additionally, the local coiling 
temperatures are given for the different positions of the pipe rings with regard to the strip length. 
Strength classes of the materials are estimated according to the Rt0.5 values. 
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 Table 65: Tensile properties of pipe samples  
Cast Coil t (mm) 
CT 
(°C) 
CR 
(°C/s) 
Specimen and 
orientation 
Rp0.2 
(MPa) 
Rt0.5 
(MPa)
Rm 
(MPa) 
A 
(%) Rt/Rm Rm*A 
31 10 579 33 pipe ML* trans 640 604 782 21 0.77 16422 
41 10 600 39 pipe ML trans 562 560 707 24 0.79 16969 
51 10 550 24 pipe ML trans 624 584 810 19 0.72 15390 
61 10 580 32 pipe ML trans 613 604 787 19 0.77 14953 
81351 
61 10 550  pipe ML trans 656 629 822 19 0.77 15618 
41 12 482 18 pipe ML trans 451 465 564 30 0.82 16920 
51 12 553 16 pipe ML trans 458 471 560 33 0.84 18480 
21 16 510 15 pipe ML trans 475 487 561 24 0.87 13464 
21 16 510  pipe ML trans 474 477 551 30 0.87 16530 
21 16 450  pipe ML trans 498 503 584 23 0.86 16352 
69 16 580 13 pipe ML trans 476 477 554 28 0.86 15512 
69 16 570  pipe ML trans 478 481 550 27 0.87 14850 
17721 
69 16 480  pipe ML trans 484 490 550 26 0.88 14300 
21 14 600  pipe ML trans 496 501 604 24 0.83 14496 
31 14 640  pipe ML trans 475 484 576 25 0.84 14400 
41 14 550  pipe ML trans 481 490 596 26 0.82 15496 
61 14 530  pipe ML trans 479 488 593 23 0.82 13639 
71 14 570  pipe ML trans 484 492 599 23 0.82 13777 
30619 
79 14 570  pipe ML trans 488 495 603 25 0.82 15075 
30257SZ 2101 10 570  pipe ML trans 642 630 727 17 0.87 12359 
545 6.4 pipe ML trans 568 569 663 18 0.86 11934 
545 6.4 strip ML 30° 556 559 646 20 0.86 12920 
575 5.5 pipe head trans - - - - - - 
575 5.5 strip head 30° 612 608 688 13 0.88 8944 
530 6.5 pipe tail trans 542 546 636 14 0.86 8904 
30257 783077 14.1 
530 6.5 strip tail 30° 570 574 682 17 0.84 11594 
540 6.2 pipe ML trans 513 522 630 18 0.83 11340 
540 6.2 strip ML 30° 539 544 637 20 0.85 12740 
600 4.4 pipe head trans 498 510 624 21 0.82 13104 
600 4.4 strip head 30° 557 561 649 17 0.86 11033 
555 5.6 pipe tail trans 457 471 595 23 0.79 7735 
30257 783078 14.1 
555 5.6 strip tail 30° 514 519 633 18 0.82 11394 
590 4.2 pipe ML trans 545 547 645 17 0.85 10965 
590 4.2 strip ML 30° 523 528 620 18 0.85 11160 
650 2.7 pipe head trans 440 450 566 27 0.79 15282 
650 2.7 strip head 30° 466 470 576 26 0.82 14976 
570 4.9 pipe tail trans 484 495 618 17 0.80 10506 
30257 783079 14.1 
570 4.9 strip tail 30° 529 533 631 22 0.84 13882 
575 4.8 pipe ML trans 492 503 611 19 0.82 11609 
575 4.8 strip ML 30° 534 538 628 19 0.86 11932 
600 4.4 pipe head trans 529 537 639 18 0.84 11502 
600 4.4 strip head 30° 557 561 644 19 0.87 12236 
570 5.1 pipe tail trans 479 493 618 18 0.80 11124 
30257 783080 14.1 
570 5.1 strip tail 30° 560 563 654 15 0.86 9810 
560 5.7 pipe ML trans 597 600 720 13 0.83 9360 
560 5.7 strip ML trans - - - - - - 
560 5.7 pipe ML long  658 655 713 14 0,92 9982 
560 5.7 strip ML long - - - - - - 
535 6.3 pipe head trans 663 660 708 12 0.93 8496 
535 6.3 strip head trans 624 627 705 14 0.89 9870 
535 6.3 pipe head long 629 628 731 8 0.86 5848 
535 6.3 strip head long 573 578 679 14 0.85 9506 
30257 937683 11.0 
510 7.3 pipe tail trans 611 617 724 11 0.85 7964 
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510 7.3 strip tail trans 594 599 711 17 0.84 12087 
510 7.3 pipe tail long 598 622 744 14 0.84 10416 
510 7.3 strip tail long 534 544 687 19 0.79 13056 
420 13.0 strip tail trans 713 716 818 8  6544 30257 837482 8.0 
420 13.0 strip tail long 665 669 754 16  12064 
420 10.4 pipe ML trans - 643 796 14 0.81 11144 
420 10.4 pipe ML long - 621 799 18 0.79 14382 
440 10.0 pipe head trans - 674 806 13 0.84 10478 
440 10.0 pipe head long - 659 817 12 0.81 9804 
245 15.3 pipe tail trans - 640 784 16 0.82 12544 
D81351 883756 11.0 
245 15.3 pipe tail long - 639 776 19 0.82 14744 
390 12.8 pipe ML trans 526 532 641 18 0.83 11538 
390 12.8 strip ML 30° - - - - - - 
525 8.4 pipe head trans 535 543 642 20 0.84 12840 
525 8.4 strip head 30° 525 535 641 20 0.83 12820 
305 16.5 pipe tail trans 547 555 665 17 0.83 11305 
16685 246062 14.1 
305 16.5 strip tail 30° 540 547 651 18 0.84 11718 
390 13.6 pipe ML trans 543 548 672 18 0.82 12096 
390 13.6 strip ML 30° - - - - - - 
540 8.3 pipe head trans 541 550 646 20 0.85 12920 
540 8.3 strip head 30° - - - - - - 
275 18.4 pipe tail trans 537 549 652 17 0.84 11084 
16685 246063 14.1 
275 18.4 strip tail 30° - - - - - - 
440 12.2 pipe ML trans 540 546 657 22 0.83 14454 
440 12.2 strip ML 30° - - - - - - 
555 7.7 pipe head trans - - - - - - 
555 7.7 strip head 30° 560 569 671 19 0.85 12749 
405 14.1 pipe tail trans 552 563 670 17 0.84 11390 
16685 246064 14.1 
405 14.1 strip tail 30° 561 564 649 18 0.87 11682 
450 11.8 pipe ML trans 510 524 646 21 0.81 13566 
450 11.8 strip ML 30° - - - - - - 
470 10.4 pipe head trans 530 537 653 19 0.82 12407 
470 10.4 strip head 30° 550 557 652 18 0.85 11736 
445 13.7 pipe tail trans - - - - - - 
16685 246065 14.1 
445 13.7 strip tail 30° 566 571 661 21 0.86 13881 
460 11.7 pipe ML trans 528 535 646 21 0.83 13566 
460 11.7 strip ML 30° - - - - - - 
545 8.5 pipe head trans 529 538 647 21 0.83 13587 
545 8.5 strip head 30° 560 565 654 19 0.86 12426 
400 14.9 pipe tail trans 529 539 658 18 0.82 11844 
16685 246066 14.1 
400 14.9 strip tail 30° 565 570 661 16 0.86 11898 
480 11.0 pipe ML trans 530 544 664 21 0.82 13944 
480 11.0 strip ML 30° 563 573 664 20 0.86 13280 
560 7.6 pipe head trans 533 543 658 20 0.82 13160 
560 7.6 strip head 30° 566 568 658 22 0.86 14476 
400 14.0 pipe tail trans 520 540 654 21 0.83 13734 
16685 246067 14.1 
400 14.0 strip tail 30° 563 567 655 19 0.87 12445 
* ML means „mid-length“ 
Cast 81351 resulted in an X80 grade, considering the lowest value of strip no. 41.  Cast 17721 and 
30619 reached X65 grade.  The coiling temperature for casts 17221 and 30619 did not have an 
influence on the material’s strength. Furthermore, there was no correlation between the cooling rate and 
the strength level of the pipes. Cast 17721 showed a big Rt0.5/Rm ratio.  
Lowering the coiling temperature for cast 81351 seemed to increase Rt0.5 and Rm. It is likely that the 
strength could have been improved further if coiling at 500°C was reached due to hardening effects and 
a low phase transformation temperature for this material. This cast shows very good Rt0.5/Rm ratios. The 
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properties of strip 51 are questionable since the Rt0.5 value was very low and the graph of the tensile 
curve showed irregularities. Within the microstructure, MA-constituents were found which may have 
resulted in dual phase behaviour of the material. 
Cast 30257 showed a very strong influence of the coiling temperature on the strength level. A high 
coiling temperature leads to the formation of ferrite and pearlite, in combination with bigger grain sizes. 
Lower coiling temperatures lead to a bainitic microstructure and higher yield strength. The strength 
levels varied between X75 and X60 grade.  
Cast 16685 seemed to be unaffected by the coiling temperature. All yield strength and elongation values 
were uniform over the strip length and also between different strips. The grade reached a very good 
X70 level. 
For cast 81351, the dependency of strength and coiling temperature is shown in Figure 45. 
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Figure 45: Yield and tensile strength of cast 81351 vs. coiling temperature 
 
Coiling at higher temperatures led to lower strength. This effect is based on the fact that grain 
refinement and precipitation hardening of the ferrite grains seems to be less effective than 
transformation hardening.  
For the same cast, strip samples were taken at the head, centre and tail position of strips 41 and 61. The 
head of the strips showed a higher strength than the centre and the tail. Strip and pipe values at similar 
positions (strip 30° to rolling and pipe transverse) were similar, Figure 46.  
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Figure 46: Yield strength of coils 41 and 61 of cast 81351 
Comparisons of different tensile samples were carried out. Four different kinds of specimen have been 
investigated: 
(F) = Flattened transverse flat/rectangular specimen 
(L) = Longitudinal flat/rectangular specimen 
(R) = Transverse round bar specimen (not flattened) 
(A) = Flattened transverse aged specimen (ageing at 200°C for 30 min, coating simulation) 
 
The results are shown in Table 66. 
Table 66: Comparison of tensile testing specimen, average values of two samples 
Rt0.5 (MPa) Rm (MPa) Rt / Rm Coil Aim Grade 
Thick 
(mm) 
Dia. 
(mm) (F) (L) (R) (A) (F) (L) (R) (A) (F) (L) (R) (A) 
81351-41 X100 10 813 560 583 534 550 707 700 702 679 0.79 0.83 0.76 0.81 
17721-41 X70 12 813 465 514 476 462 564 568 557 549 0.82 0.90 0.85 0.84 
17721-51 X70 12 813 471 523 511 474 560 579 595 561 0.84 0.90 0.86 0.84 
17721-21 X70 16 1220 477 517 486 443 551 576 554 556 0.87 0.90 0.88 0.80 
17721-69 X70 16 1220 481 518 489 456 550 568 550 553 0.87 0.91 0.88 0.82 
X70 Mean 474 518 489 456 556 573 564 555 0.85 0.90 0.87 0.82 
30257-
2101 X90 10 610 630 708 694 644 727 757 757 727 0.87 0.94 0.92 0.89 
16685 X80 14.1 1067 541 - 562 - 656 - 664 - 0.82 - 0.85 - 
 
Flattening of transverse pipe samples normally lowers the yield strength because of residual stress and 
small cold deformation ratios.  The concave shape of the specimen may also change the shape of the 
tensile graph (stress-strain-curve) compared with the un-deformed round bar specimen.  The difference 
between flattened specimen (F) and round bar specimen (R) was 15 - 20 MPa.  Longitudinal samples 
that had not been flattened (L) showed a 44 MPa higher yield strength than the flattened transverse 
sample.  The effect of ageing is shown by comparing (F) and (A) results and these showed that the Rt0.5 
values tended to decrease with ageing. 
6.3.2.2 Charpy impact transition curves 
 
Specimen sizes for Charpy testing varied from the standard samples (10 x 10 mm) to 10 x t mm for cast 
81351 and 30257 SZ and 7.5 x 10 mm for 17221- 41 and -51. 
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Charpy V-notched impact energies of the pipes in transverse direction of cast 81351 are shown in 
Figure 47, along with energies of the strip samples. 
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Figure 47: Impact toughness of pipes from cast 81351, specimen size 10 x 10 mm 
 
The shape of the transition curves was similar for the different coiling temperatures and the upper shelf 
extended down to -30°C. The slope of strip 51 was steeper than the other strips and the transition 
temperature was -40°C. 
 
Figure 48 shows the impact energy curves for pipes from cast 17221 material. 
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Figure 48:  Charpy energy curves of pipes from cast 17221, specimen 10 x 10 mm 
The thinner material (12 mm) had a higher upper shelf energy and its transition is moved to lower 
temperatures compared to the thicker wall thickness (16 mm).  All pipes showed impact energies 
> 200 J down to -100°C. 
Charpy energies of cast 30619 are displayed in Figure 49. 
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Figure 49: Charpy energy curves of pipes from cast 30619 and 30257 SZ, specimen 10 x 10 mm 
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All of the slopes for the pipe material of cast 30619 were similar. Cast 30257 SZ showed good impact 
energies down to -75°C.  A comparison of strip and pipe samples of strips 783077 and 783080 of cast 
30257 is shown in Figure 50. 
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Figure 50: Charpy impact curves for strip and pipes made from cast 30257 
 
Both graphs for the strip material had higher upper shelf energy levels than the pipes.  The poor values 
of pipe 783080 are based on the calculation of the average values.  Figure 51 shows the impact energy 
curves for cast 16685 for all coils (head and tail) and pipes (head, centre and tail). 
 
Figure 51: Charpy impact curves for mean values of all strip and pipes made from cast 16685 
Strip and pipe values were almost equal, the upper shelf energy was higher than 300 J and the transition 
started at approx. -40°C.  The Charpy impact transition temperatures for spiral pipes produced in 
Salzgitter are given in Table 67 for spiral pipes and in Table 68 for HFI-pipes. 
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Table 67: Charpy V impact toughness of spiral pipes processed at Salzgitter 
Cast Coil t (mm)
CT 
(local) 
(°C) 
CR 
(°C/s)
Rt0.5 
(MPa)
Rm 
(MPa)
Grade 
Approx Position
ITT 
27J 
(°C) 
ITT 
0.5Kvmax 
(°C) 
 
Kvmax
(J) 
783077 14.1 573 5.5 - - X75 Head -39 -31 205 
783077 14.1 544 6.4 569 663 X75 Centre -58 -49 235 
783077 14.1 528 6.6 546 636 X75 Tail -73 -54 248 
783078 14.1 604 4.4 471 595 X65 Head -46 -43 230 
783078 14.1 538 5.9 522 630 X65 Centre -60 -44 218 
783078 14.1 553 5.6 510 624 X65 Tail -74 -57 233 
783079 14.1 650 2.7 450 566 X60 Head -60 -44 227 
783079 14.1 588 4.0 475 587 X60 Centre -34 -33  
783079 14.1 569 5.0 495 618 X60 Tail -50 -39 220 
783080 14.1 560 4.4 537 639 X65 Head -38 -20 191 
783080 14.1 576 4.8 503 611 X65 Centre -43 -24 230 
30257 
783080 14.1 568 5.1 493 618 X65 Tail -55 -34 219 
246062 14.1 525 8.4 535 641 X75 Head -115 -93 299 
246062 14.1 390 12.8 543 642 X75 Centre -84 -60 299 
246062 14.1 305 16.5 555 665 X80 Tail -86 -74 303 
246063 14.1 540 8.3 550 646 X75 Head - - - 
246063 14.1 390 13.6 548 672 X75 Centre -88 -63 309 
246063 14.1 275 18.4 549 652 X75 Tail - - - 
246064 14.1 555 7.7 - - - Head -80 -73 291 
246064 14.1 440 12.2 546 657 X75 Centre -78 -61 294 
246064 14.1 405 14.1 563 670 X80 Tail -70 -59 306 
246065 14.1 470 10.4 537 653 X75 Head -82 -62 302 
246065 14.1 450 11.8 524 646 X75 Centre -83 -69 316 
246065 14.1 445 13.7 - - - Tail -88 -50 334 
246066 14.1 545 8.5 538 647 X75 Head -81 -64 321 
246066 14.1 460 11.7 535 646 X75 Centre -93 -63 340 
246066 14.1 400 14.9 539 658 X75 Tail -81 -63 315 
246067 14.1 560 7.6 543 658 X75 Head -77 -58 292 
246067 14.1 480 11.0 544 664 X75 Centre -79 -59 309 
16685 
246067 14.1 400 14.0 540 654 X75 Tail -97 -76 292 
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Table 68: Charpy V impact toughness of HFI-pipes processed at Salzgitter, transverse/hoop direction 
Heat Coil t (mm) 
CT (local) 
(°C) 
CR 
(°C/s) 
Rt0.5 
(MPa)
Rm 
(MPa)
Grade 
Approx Position
ITT 
27J 
(°C) 
ITT 
0.5Kvmax
(°C) 
Kvmax
(J) 
937683 11.0 535 6.3 660 708 X90 Head -74 -47 228 
937683 11.0 560 5.7 600 720 X90 Centre -46 -12 175 30257 
937683 11.0 510 7.3 617 724 X90 Tail -75 -60 222 
883756 11.0 440 10.0 674 806 X100 Head -73 -64 97 
883756 11.0 420 10.4 643 796 X100 Centre -108 -86 95 D81351 
883756 11.0 245 15.3 640 784 X100 Tail -128 -99 105 
 
Heat Coil t (mm) 
CT (local) 
(°C) 
CR 
(°C/s) 
Rt0.5 
(MPa)
Rm 
(MPa)
Grade 
Approx Position 
Impact 
Energy at 
0°C (J) 
Impact 
Energy at 
-40°C (J) 
937683 11.0 535 6.3 660 708 X90 Head 176 50 
937683 11.0 560 5.7 600 720 X90 Centre 75 35 30257 
937683 11.0 510 7.3 617 724 X90 Tail 106 24 
883756 11.0 440 10.0 674 806 X100 Head 96 78 
883756 11.0 420 10.4 643 796 X100 Centre 94 79 D81351 
883756 11.0 245 15.3 640 784 X100 Tail 105 93 
 
6.3.2.3 Drop weight tear tests 
 
Drop Weight Tear Test, DWTT, transition tests were carried out and transition curves plotted.  DWTT 
transition temperatures for 85% shear appearance were determined, Table 69, and these have been 
plotted as a function of strip coiling temperature in Figure 52. 
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Figure 52: DWTT transition temperature plotted as a function of coiling temperature 
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The toughness of cast 81351 was very good in spite of roughing rolling being carried out without any 
holding period. DWTT values (shear area) can be raised when the coiling temperature is somewhat 
higher. 
 
According to the toughness results of heats 17721 and 30619, the DWTT toughness deteriorated when 
the coiling temperature was higher than 600°C.  Below 580°C the coiling temperature seemed to have 
no influence on the DWTT toughness. So, both toughness and strength seem to be insusceptible against 
the variation of the coiling temperature for heats 17721 and 30619.  The DWTT toughness of coil 61, 
which was rolled without waiting in roughing, was as good as that of the coils rolled with waiting 
during roughing.  The mean DWTT transition temperature of heat 17721 was 21°C lower than that of 
ordinary X70 pipes, although the wall thickness of most of the 17721 coils were 16 mm compared with 
13 mm for the ordinary X70 trial pipes. The mean transition temperature of heat 30619 besides coils 21  
and 31 was 10°C lower than that of ordinary X70 pipes.  The DWTT transition temperature of heat 
30257 (SZ) was 10°C higher than that of the ordinary X70 pipes.  The reason for this poorer toughness 
is probably the B-alloying.  
Table 69: DWTT transition temperatures of pipes made at Ruukki 
Heat Coil Thickness, (mm) 
Trough 
(°C) 
TCmean 
(°C) 
TClocal 
(°C) 
Cooling 
rate 
(°C/s) 
Ttrans(85%) 
(°C) 
31 10 1113 579  33 -43 
41 10 1111 599 600 39 -62 
51 10 1125 550  24 -24 
61 10 1141 562 580 32 -45 
61 10 1141 562 550 32 -51 
81351 
Mean      -45 
41 12 1051 482  18 -68 
51 12 1056 553  16 -44 
21 16 1004 505 510 15 -49 
21 16 1004 505 510 15 -44 
21 16 1004 505 450 15 -43 
69 16 996 547 580 13 -60 
69 16 996 547 570 13 -57 
69 16 996 547 480 13 -59 
17721 
Mean      -53 
41 14 1011 548 550  -50 
61 14 1106 536 530  -42 
71 14 1014 572 570  -41 
79 14 1020 582 570  -36 
30619 
Mean      -42 
21 14 1054 609 600  -16 30619 31 14 1116 639 640  > 0 
30257 SZ 2101 10 1059 551 570  -22 
Conventional 
X70  Mean      -32 
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Drop weight tear properties were rather poor for cast 30257.  At 0°C, strips and pipes of coil 783078 
achieved the requirements of the standards, but coil 783080 failed.  The microstructure of the pipes 
showed segregation bands at the core of the wall thickness that, in addition to some retained austenite, 
may be the reason for its low toughness. 
Both curves for strip and pipe samples of cast 16685 were similar and the transition temperature was 
approx. -40°C for all samples.  The properties measured were similar with a very small scatter band.  
Table 70 shows the values for the spiral pipes and Table 71 shows the HFI-pipe properties. 
 
Table 70: DWTT toughness of spiral pipes processed at Salzgitter 
 
Cast Coil t (mm)
CT 
(local) 
(°C) 
CR 
(°C/s)
Rt0.5 
(MPa)
Rm 
(MPa)
Grade 
approx Position 
Shear area 
at 0°C 
(%) 
Shear area 
at -10°C 
(%) 
783077 14.1 573 5.5 - - X75 Head 58 25 
783077 14.1 544 6.4 569 663 X75 Centre 23 0 
783077 14.1 528 6.6 546 636 X75 Tail 100 98 
783078 14.1 604 4.4 471 595 X65 Head 95 25 
783078 14.1 538 5.9 522 630 X65 Centre 93 25 
783078 14.1 553 5.6 510 624 X65 Tail 100 53 
783079 14.1 650 2.7 450 566 X60 Head 100 100 
783079 14.1 588 4.0 475 587 X60 Centre 83 30 
783079 14.1 569 5.0 495 618 X60 Tail 95 100 
783080 14.1 560 4.4 537 639 X65 Head 10 25 
783080 14.1 576 4.8 503 611 X65 Centre 30 20 
30257 
783080 14.1 568 5.1 493 618 X65 Tail 100 65 
246062 14.1 525 8.4 535 641 X75 Head 100 100 
246062 14.1 390 12.8 543 642 X75 Centre 100 100 
246062 14.1 305 16.5 555 665 X80 Tail 100 100 
246063 14.1 540 8.3 550 646 X75 Head - - 
246063 14.1 390 13.6 548 672 X75 Centre 100 100 
246063 14.1 275 18.4 549 652 X75 Tail - - 
246064 14.1 555 7.7 - - - Head 100 100 
246064 14.1 440 12.2 546 657 X75 Centre 100 100 
246064 14.1 405 14.1 563 670 X80 Tail 100 100 
246065 14.1 470 10.4 537 653 X75 Head - - 
246065 14.1 450 11.8 524 646 X75 Centre 100 100 
246065 14.1 445 13.7 - - - Tail - - 
246066 14.1 545 8.5 538 647 X75 Head 100 100 
246066 14.1 460 11.7 535 646 X75 Centre 100 100 
246066 14.1 400 14.9 539 658 X75 Tail 100 100 
246067 14.1 560 7.6 543 658 X75 Head 100 95 
246067 14.1 480 11.0 544 664 X75 Centre 100 98 
16685 
246067 14.1 400 14.0 540 654 X75 Tail 100 100 
 
103
  
 
  
Table 71: DWTT toughness of HFI-pipes processed at Salzgitter, transverse/hoop direction 
 
Cast Coil t (mm) 
CT (local) 
(°C) 
CR 
(°C/s) 
Rt0.5 
(MPa)
Rm 
(MPa)
Grade 
Approx Position 
Shear area 
at 0°C 
(%) 
Shear area 
at -10°C 
(%) 
937683 11.0 535 6.3 660 708 X90 Head 100 (coil) 100 (coil)
937683 11.0 560 5.7 600 720 X90 Centre - - 30257 
937683 11.0 510 7.3 617 724 X90 Tail 100 (coil) 100 (coil)
883756 11.0 440 10.0 674 806 X100 Head 100 100 
883756 11.0 420 10.4 643 796 X100 Centre 100 100 D81351 
883756 11.0 245 15.3 640 784 X100 Tail 100 100 
 
6.3.2.4 Hydrogen induced cracking testing 
 
Hydrogen induced cracking, HIC, resistance of the base materials was tested according to the test 
standard NACE TM 0284 (pH = 3.4) at Ruukki.  A summary of the test results is presented in Table 72.  
The HIC test values are determined from three test samples each coil and from three surfaces per test 
sample. In total, 9 surfaces were examined per coil.  The mean longitudinal CLR-values per one surface 
for every coil and the maximum value per one surface for every coil are presented in the table.  The C-, 
Mn-, and S-contents, which have been noticed to be essential for the HIC resistance, are given in Table 
72. Casts 81351 and 30619 are not HIC resistant at all.  However, the HIC test results of the base 
material of cast 17721 are good.  The possible reason for the better HIC test results of this cast 
compared with the others is its low C- and S-content. On the other hand, the good HIC test results are 
astonishing, because high Mn-content has been noticed to be detrimental to HIC resistance in ordinary 
sour service grades. Probably the low C-content improves the HIC resistance.  
Table 72: Summary of the HIC test results 
Coil C Mn S CLR mean / max. 
81351-41 54.1 / 113.4 
81351-61 0.043 1.96 0.0009 46.3 / 126.1 
17721-21 0.0 / 0.0 
17721-41 0.0 / 0.3 
17721-51 2.0 / 12.0 
17721-69 
0.033 1.82 0.0015 
0.7 / 5.9 
30619-21 39.6 / 65.6 
30619-31 29.6 / 45.9 
30619-41 27.4 / 61.8 
30619-61 26.1 / 70.3 
30619-71 41.0 / 78.3 
30619-79 
0.042 1.81 0.0024 
68.9 / 103.6 
 
6.3.3 Microstructural examination 
 
The microstructures of the commercially produced strips and pipes have been quantified by light 
microscopy etched with Nital in order to characterise the phases.  Electron back-scattered diffraction 
has been used to determine grain sizes and distinguish between ferrite, pearlite and bainite based on 
different grain boundary misorientations. 
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6.3.3.1 Conventional etchings 
Low CT mixture of bainite (acicular ferrite) 
and ferrite 
High CT: mainly ferrite with pearlite islands 
(5%) 
 Figure 53: Pipe base material for cast 30257 produced in Salzgitter after Nital etching  
 
 
Mixture of bainite (acicular ferrite) and ferrite 
 
Figure 54: Pipe base material for cast 16685 produced in Salzgitter after Nital etching 
 
6.3.3.2 EBSD characterisation 
 
In order to evaluate microstructure – mechanical properties relationships on the commercially rolled 
products, it is necessary to have a technique for determining a grain size for microstructures that may 
vary from ferrite – pearlite to bainitic microstructures.  The approach taken has been to use Electron 
back-scattered diffraction technique to quantify the grain size.  This approach has allowed the grain 
sizes based on different angles of grain misorientation to be assessed. 
The number and nature of boundaries in the microstructure obtained by EBSD mapping provides a 
means of distinguishing between different phases.  Clear differences were noted between ferrite and 
bainite.  Ferrite has very few boundaries with low misorientation, in contrast with bainite, which 
contains a high proportion of low angle misorientations.  Bainite characteristically forms with a high 
dislocation compared with allotriomorphic ferrite and thus a term for this strengthening is often 
incorporated.  The bainite laths, separated by low misorientation angle boundaries, are arranged in 
packets or colonies, separated by high angle boundaries. 
To estimate the strengthening due to grain size, boundaries with misorientations greater than 4º are 
going to be used, and misorientations greater than 15º to quantify bainitic packets in relation with 
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toughness.  The high-angle boundaries provide effective barriers to cleavage fracture and a smaller 
grain size promotes lower toughness transition temperatures. On the other hand, low-angle 
misorientation (4º) grain size (effective grain size) is one of the factors that controls the proof and 
tensile strength of steel, because such misorientation is expected to be effective in opposing dislocation 
movement. 
Graphs of standard deviation of the grain size plotted against the mean grain size and of mean grain size 
of 15º against the grain size of 4º of misorientation have been used to present the results. 
Plots of number fraction and area fraction against misorientation angle have been used to characterize 
the microstructures as well. It is quite interesting the last plot (area fraction) because it allows detecting 
the coarse grain sizes (tails in the grain sizes distributions) due to its harmful effect in toughness. 
The EBSD measurements, shown in Table 73 and Figure 55, have been performed at the quarter 
thickness for all the samples . 
 
Table73: Grain sizes measurements and 15º/4º factors of commercially rolled products. 
Cast Pipe / Strip Coil Mean 4
o 
microns 
Mean 15o 
microns 15
o / 4o 
81351 603745 81351-61 2.375 3.697 1.557 
81351 603752 81351-41 2.645 3.140 1.187 
30257 SO 52 783078 2.672 5.203 1.947 
30257 SO 64 783080 3.502 6.258 1.787 
17721 614531 17721-21 3.473 4.670 1.345 
17721 614534 17721-69 3.239 4.263 1.316 
30619 623899 30619-79 2.855 3.873 1.357 
30619 623909 30619-61 3.580 5.499 1.536 
16685 264035 SZ 2.280 3.417 1.499 
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Figure 55 : Grain size measurements by EBSD 
 
Examples of the crystal orientations, and misorientation grain boundaries, indicated in red or black, as a 
function of the misorientation angle are shown in Figure 56 for coils 81351-41 and 81351-61. 
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Figure 56: Microstructural details obtained by EBSD on coils 81351-41 and 81351-61 
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Plots of number fraction and area fraction against misorientation angle have also been used to 
characterise the microstructures.  The examples for coils 81351-41 and 81351-61 are shown in 
Figure 57; the area fraction distribution shows the coarse grain sizes (tails in the grain sizes 
distributions) that may cause poor toughness. 
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Figure 57: Number fraction and area fraction distributions for coils 81351-41 and 81351-61. 
6.3.4 Weldability 
6.3.4.1 Mechanical properties of spiral SAW and longitudinal HFI-welds 
Tensile test were made on the welded joints and for the weld metal of the spiral-welded and HFI-pipes; 
the results for the spiral-welded pipes are shown in Table 74and those for the HFI-pipes are given in 
Table 75.  The welding process reference numbers are 121 for spiral welding and 291 for HFI welding. 
Table 74: Cross and all weld tensile properties for spiral-welds 
Cross-weld All Weld Metal 
Cast Coil t (mm) 
CT (local) 
(°C) 
Grade 
approx Rt0.5 
(MPa) 
Rm 
(MPa)
Fracture 
position 
Rp0.2 
(MPa) 
Rm 
(MPa)
A 
% 
41 10 600 X70 637 796 FL 669 823 18 81351 
61 10 550 X85 590 752 FL 633 784 19 
21 16 450 X65 519 615 Base 543 614 22 
41 12 482 X65 526 610 Base 553 638 25 17721 
51 12 553 X65 538 624 Base 544 615 21 
21 14 600 X65 554 650 Base  736 22 
31 14 640 X65 518 618 Base 594 690 25 
41 14 550 X65 538 639 Base 611 708 23 
61 14 530 X65 536 639 Base 572 656 25 
71 14 570 X65 538 630 Base 589 681 24 
30619 
79 14 570 X65 560 659 Base 589 681 24 
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783077 14.1 544 X75 568 667 Weld - - - 30257 
783079 14.1 588 X60 549 652 Base - - - 
246066 14.1 460 X75 645 712 Base - - - 16685 
246067 14.1 480 X75 657 718 Base - - - 
According to the tensile results the welding consumables were deemed to be suitable for the material. 
For cast 81351 the strength of the weld metal was similar to the strength of the base material, a little 
higher strength would have been beneficial. All other casts showed suitably overmatching weld 
strengths. 
Table 75: Cross weld tensile properties for HFI-welds 
Cross-weld 
Cast Coil t (mm) 
CT (local)
(°C) 
Grade 
approx Rp0.2 
(MPa) 
Rm 
(MPa)
Fracture 
position 
30257 937683 11 560 X80 633 735 Weld 
81351 883756 11 420 X85  754 Weld 
 
The bending test of cast 30257 failed, cracks were observed. The tensile strength of both HFI-welds is 
very good but the fracture position is placed in the welded area. 
Charpy V-notched samples have been used to determine toughness properties of the welds. For the 
tests, the notch was positioned in the weld, in the fusion line, in the fusion line +2 mm, in the fusion 
line +5 mm and in the base material (in cross weld direction) for the samples tested in Salzgitter, 
Table 76.  At Ruukki, the notch was placed in the weld, in the fusion line, in the fusion line + 1.0 mm 
and in the fusion line +2.5 mm. 
Table 76: Cross weld Charpy V-notch impact toughness for spiral-welds (Salzgitter) 
Cross-weld toughness (J) Cast Coil t (mm) CT (local) (°C) Grade Notch position -20°C -40°C 
Weld 43 32 
FL 97 25 
FL+2 mm 162 108 
FL+5 mm 189 166 
30257 783077 14.1 544 X75 
Base 148 116 
Weld 79 34 
FL 57 59 
FL+2 mm 80 78 
FL+5 mm 118 92 
30257 783079 14.1 588 X60 
Base 78 48 
Weld 104 71 
FL 170 194 
FL+2 mm 240 241 
FL+5 mm 250 247 
16685 246066 14.1 460 X75 
Base 302 303 
Weld 70 74 
FL 106 36 
FL+2 mm 197 76 
FL+5 mm 249 232 
16685 246067 14.1 480 X75 
Base 202 187 
Cast 30257 showed low values for the weld and the fusion line samples for -40°C.  The microstructure 
in the weld and FL tended to coarsen in grain size and the microstructure was an inhomogeneous 
mixture of ferrite/pearlite and bainite.  The arc energy may have been too high or the welding speed too 
low.  Cast 16685 delivered good results for -20°C for all notch positions. At lower temperatures, the 
fusion line notched-samples were poor.  
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For HFI-pipes, Charpy samples were taken for notch positions in the weld, at the fusion line + 2 mm, 
and in the base metal. Table 77 presents the energies absorbed at - 20°C and - 40°C. 
Table 77: Cross weld Charpy V-notch impact toughness for HFI-welds (Salzgitter) 
Cross-weld toughness (J) Cast Coil t (mm) CT (local) (°C) Grade 
Notch 
position -20°C -40°C 
Weld 77 59 
FL+2 mm 109 99 30257 937683 11 560 X80 
Base 161 157 
Weld 16 23 
FL+2 mm - - 81351 883756 11 420 X85 
Base - - 
The impact toughness of cast 30257 was similar to the results of the spiral-welded pipes. Both 
temperatures tested delivered good values. The very poor cross-weld toughness of cast 81351 may be 
related to the weld heat-treatment, which was done without annealing. A common practice for the weld 
and the HAZ is re-heating to austenitising temperature of 950°C and water quenching, followed by 
annealing at approx. 600°C. In the case of heat 81351, the weld was re-heated to 920°C and air cooled. 
Due to the alloying elements such as chromium, air-hardening may have occurred and the 
microstructure in the weld was martensitic/bainitic and thus, very brittle.  
Impact toughness of the welds of casts 81351, 17221 and 30619 are shown in Figures 58 to 60.  The test 
specimen for cast 81351 was 5 x 10 mm, the other specimens were 10 x 10 mm. 
a)  b) 
 c)  d) 
 
Figure 58: Cast 81351 a) Weld metal, b) FL, c) FL + 1 mm, and d) FL + 2.5 mm 
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Figure 59: Cast 17221 a) Weld metal, b) FL, c) FL + 1 mm, and d) FL + 2.5 mm 
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c) d) 
Figure 60: Cast 30619 a) Weld metal, c) FL + 1 mm, and d) FL + 2.5 mm 
According to the standard EN 10208, the weld toughness requirement for specimen 10 x 10 mm is 40 J 
and for 5 x 10 mm specimen 20 J.  Cast 81351 fulfils this requirement for all the different positions of 
the notch, even at temperatures of -40°C in the weld.   
Cast 17221 also meets the requirements for all positions for -30°C and cast 30619 for -40°C. 
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Additionally, the hardness of the welds has been measured,  Table 78 and Table 79. 
Table 78: Cross weld hardness (HV10) for spiral welds (Salzgitter) 
 
Position Coil Base metal HAZ Weld HAZ Base metal 
1.5+/-0.5mm 210 210 221 206 238 
7.05mm  206 245 206  
13.1+/-0.5mm 
 
246066 206 221 226 221 210 
1.5+/-0.5mm 206 213 206 206 221 
7.05mm  221 206 199  
13.1+/-0.5mm 
 
783077 206 224 193 228 206 
 
Table 79: Cross weld hardness (HV10) for HFI-welds (Salzgitter) 
Position Coil Base metal HAZ+2mm Weld HAZ+2mm Base metal 
1.5+/-0.5mm 213 240 254 258 221 
7.05mm 221 228 226 236 224 
10+/-0.5mm 
 
937683 221 228 213 221 228 
 
All of the hardness measured for spiral pipes and HFI-pipes are quite similar. No hardness increase was 
observed.  Figure 61 shows both types of welds. 
 
 
(a) 
 
 
(b) 
Figure 61: (a) spiral pipe cast 30257, coil 783077, and (b) HFI-pipe cast 30257, coil 937683 
The hardness of casts 81351, 17221 and 30619 is displayed in Figure 62.  Hardness has been measured 
using HV10 along the centreline and at a distance of 2 mm from the outer and inner surface. 
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Figure 62 Hardness profiles 
 
All of the hardness profiles are good. Some minor softening of the fusion line can be observed but is 
smaller than compared to standard X60/X70 grades. 
 
6.3.4.2 Tekken test 
 
Tensile testing has been carried out in the longitudinal and transverse directions to rolling on the parent 
material for both compositions along with Charpy V notch impact tests.  For welding simulations, 8  
samples for the Tekken test were taken, samples for HAZ simulations trials were prepared and two 
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plates each for MMA and GMA welding have been cut.  The processing parameters applied for MMA, 
reference number 111, and GMA, reference number 135, welding for cast 30257 and cast 16685 are 
shown in Table 80 and macrographs for cast 30257 are shown in Figure 63.  
(a) MMA joint (b) GMA joint 
Figure 63: Macrographs of welds in cast 30257 
 
Table 80: Welding parameters for MMA and GMA welding trials 
Welding method Filler metal Bead no. Welding current (A) Voltage (V)
Welding 
speed (cm/s) 
Heat input 
E (kJ/cm) 
1 93 22.0 0.153 13.7 
2 140 24.0 0.211 15.4 
3 147 26.0 0.193 19.8 
4 147 26.0 0.191 20.0 
5 152 26.0 0.202 19.6 
MMA 
(111) 
Cast 30257 
Electrode 
SL12G 
Ф 4.0 mm 
EN 15997-97 
E Mo B 32 HB 
 Mean value 17.7 
1 120 19.5 0.175 13.4 
2 168 23.0 0.438 8.8 
3 176 23.0 0.410 9.8 
4 182 23.0 0.379 11.0 
5 195 24.0 0.299 15.6 
GMA (135) 
Cast 30257 
IMT NiMoCr 
Ф 1.2 mm + 
M21 
EN 12534 
Mn3Ni1CrMo 
 Mean value 11.1 
1 200 20.0 0.42 9.5 
2 235 22.0 0.50 10.3 
3 235 22.0 0.50 10.3 
4 235 22.0 0.50 10.3 
5 260 24.5 0.60 10.6 
6 260 24.5 0.75 8.5 
GMA (135) 
Cast 16685 
IMT NiMoCr 
Ф 1.2 mm + 
M21 
EN 12534 
Mn3Ni1CrMo 
 Mean value 9.9 
 
a) b) 
a) Cast 30257 and b) Cast 16685 
Figure 64: Position of beads 
Hardness measurements have been carried out for HV5 for both welding processes and are displayed in 
Table 81. 
1
23
45 6
2 
4 
5 
1
3 
 
A
1 5 7 8 9    12   15  
B 1 7 8 9  12   15  
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Table 81: Hardness distribution across both welds (MMA and GMA) of cast 30257 and 16685 
 Indention No. 
 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
MMA 30257 
A 221 223 210 208 210 214 180 190 190 221 199 201 210 212 210 
B 199 208 210 197 229 236 206 208 221 246 244 212 216 214 221 
GMA 30257 
A 206 214 219 206 236 271 262 265 268 280 236 210 223 221 210 
B 197 219 206 249 246 257 257 249 260 262 244 227 199 208 197 
GMA 16685 
A 233 239 239 228 239 259 257 258 250 252 243 234 243 243 237 
B 228 227 227 226 250 272 246 234 234 254 224 220 234 239 234 
The MMA weld showed a hardness decrease in the weld whereas the GMA weld tended to excessive 
hardening in the weld.  Mechanical properties of the weld have been characterised by tensile specimen, 
bending tests and Charpy V testing for different temperatures.  The samples were all positioned across 
the weld, Table 82. 
Table 82: Mechanical properties of the MMA and GMA welds 
Tensile test Bend test Impact strength KV (J) of HAZ Welded 
test plate Rm (MPa) Remark In tension
Bending 
angle Remark +20°C -40°C -60°C -80°C 
191 181 68 88 face 180° without cracks 184 174 178 64 
186 184 82 78 
MMA 
(30257) 593 
Fracture in 
weld root 180° without cracks 187 180 109 76 
186 140  68 face 180° without cracks 189 126 51 70 
193 152 179 66 
GMA 
(30257) 513 
Fracture in 
weld root 180° without cracks 189 139 105 68 
288  88 61 face 180° without cracks 286  72 66 
224  86 58 
GMA 
(16685) 727 
Fracture in 
base/parent 
metal root 180° without cracks 266  82 62 
 
Tekken testing has been performed according to EN ISO 17642-2. Electrodes and welding wires 
applied for Tekken are shown in Table 83 and the processing parameters and results are shown in Table 
84. 
Table 83: Welding wires and electrodes used in Tekken testing 
Mechanical properties of all 
weld metal 
Diffusible hydrogen 
[ml/100g] Brand Classification Rp0.2 
(MPa)
Rm 
(MPa)
Elongation 
(%) 
Glycerine 
method 
Mercury 
method 
Covered electrodes   
SL 12G 
Basic, very 
low 
hydrogen 
EN 1599-97:  
E Mo B 32 
H5 
550 610 25 1.65 2,50 
Pipeliner 
8P+ 
Cellulosic 
EN 499-94: 
E 46 4 1Ni 
C25 
460-
559 
550-
676 19-27 24.8 37.7 
Welding wire   
IMT 
NiMoCr 
EN 12534 
Mn3Ni1CrMo > 620 > 700 
A5 >17 %   
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Table 84: Welding parameters for Tekken testing and metallographic investigations 
Welding parameters Heat input Temperature 
Results of metallographic examination 
(sections) Filler material 
I (A) U (V) v (cm/s) (kJ/cm) (°C) 1 1 1 1 
30257 
Electrode 
SL12G Ф 4.0 
mm 
148 22.5 0.33 10.1 RT No crack No crack No crack No crack
IMT NiMoCr  
wire Ф 1.2 mm 
+ M21 
136 18.8 0.35 7.3 RT No crack No crack No crack No crack
RT Crack in weld 
Crack in 
weld 
Crack in 
weld 
Crack in 
weld 
65 Crack in weld No crack No crack No crack
Pipeliner 8P+ 
Ф 4.0 mm 116 24.6 0.34 8.4 
100 No crack No crack No crack No crack
16685 
Electrode 
SL12G Ф 4.0 
mm 
150 22.5 0.33 10.2 20 No crack No crack No crack No crack
20 Crack in weld 
Crack in 
weld 
Crack in 
weld 
Crack in 
weld 
60 Crack in weld 
Crack in 
weld 
Crack in 
weld 
Crack in 
weld 
Pipeliner 8P+ 
Ф 4.0 mm 120 24.5 0.34 8.7 
90 No crack No crack No crack No crack
The conclusion can be drawn that the material 30257 is characterised by a high brittle fracture 
resistance at room-temperature and even at low temperatures. Cast 16685 also delivered very good 
results for brittle fracture resistance down to -100°C. The impact strength of the welded joints in the 
HAZ was good for both casts. 
The material was resistant to cold cracking in the HAZ, even with a high level of diffusible hydrogen 
present in the weld metal (37 ml/100g).  
6.3.4.3 Girth weld testing 
 
A girth weld was made in the 14.2 mm thick, 1067 mm diameter pipe, identified as 925332, following 
the welding procedure specification shown in Appendix B2.  The goal was to obtain an overmatch level 
of about 5 to 10% in weld metal yield strength compared to the X80 longitudinal properties of the pipe 
material. No specific weld pre-qualification program was conducted to optimise the level of strength 
mismatch. However, the selected consumables and welding procedure ensured that the transverse weld 
tensile test met the API requirements. 
The pipe coupon was cut in two and bevelled according to the welding procedure specification. The 
girth weld was made by manual gas-shielded flux cored arc welding, FCAW (136). The weld bevel 
preparation had a V-shape with a nominal angle of 60° and a root opening of 1 mm; the chosen filler 
material was Lincoln Outershield 550-H with a wire thickness of 1.2 mm. The product conformance 
report gave the following overview of the mechanical properties of the weld metal: 
Table 85: Mechanical properties of weld metal, Lincoln Outershield 550H 
Room temperature properties 
Rel (MPa) RM (MPa) A5 (%) 
Charpy Energy 
at -40oC (J) 
695 738 19 58 
 
Shortly after beginning the hot pass at the six o’clock position, one of the welders burned through in 
two positions due to excessive grinding of the root and this area was repaired by grinding and re-
welding from the inside once the entire weld had been completed.   
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EPRG toughness requirements [17] state that girth weld failure by the onset of remote yielding (remote 
= 0.5%) can be ensured when Charpy energy values of a minimum of 30 J and an average of 40 J are 
obtained at the design temperature. 
Wide plate specimens were extracted by flame cutting in the axial (longitudinal) direction, Figure 65. 
These specimens had nominal dimensions for the overall width (arc length) of 400 mm and length of 
1200 mm, with the weld at the mid-length.  After flame cutting, the longitudinal edges within the 
prismatic (test) section were machined straight and parallel to each other.  The prismatic part was 
machined to a width (arc length) of nominally 300 mm and a length of 900 mm, with the weld at 
mid-length, see Figure 66. 
 
 
 
 
Figure 65: Illustration of a curved wide plate extracted from a large diameter pipe in the axial direction 
 
 
Figure 66: Curved wide plate specimen dimensions and instrumentation 
The pipe sections were not flattened, that is the curvature was retained, and the weld reinforcements 
were not removed, except at the location where the surface breaking root defect was to be introduced. 
At this location, the root overfill was ground flush with the surfaces, during which care was exercised to 
respect the wall thickness at either side of the weld. Sharp surface breaking notches were introduced by 
means of a cutting wheel with a diameter of 63 mm and a blade thickness of 0.15 mm.  This resulted in 
a notch-acuity of 0.15 mm.  The defect depth was 3.0 mm, and the defect length was 50 mm. In 
selecting the notch dimensions, consideration was given to the fact that defect-area-ratios of less than 
3% ensure remote plastic strains [18].  It should be noted that, owing to the finite diameter of the cutting 
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wheels, the surface notches had a semi-circular shape towards their extremities. Within the central 
portion, the notches were flat bottomed with a depth equal to the target values to within 0.05 mm.  This 
is illustrated in Figure 67.  Prior to notching, the weld root was locally ground, polished and macro 
etched in 5% Nital, which allowed the fusion boundaries at the inner pipe walls to be seen so that a 
notch could be located in the root at the weld metal centreline, identified as WMC, or at the heat 
affected zone/fusion line, identified as HAZ. 
 
Figure 67: Wide plate notch details and CMOD measurements 
After notching, the wide plates were manually welded at their extremities to heavy loading lugs, having 
a curvature matching the pipe curvature.  Care was exercised during welding to ensure that the centroïd 
of the cross sectional area of the test section coincided with the load application line.  The assembly was 
mounted, by means of the holes in the loading lugs and heavy steel pins, horizontally in three elements 
of the 8000 kN testing machine, Figure 68.  The machine consists of four individual loading elements, 
each capable of developing 2000 kN.  The framework of each element consists of two vertical I beams 
between which two servo-hydraulic actuators are mounted. Each actuator has a capacity of 1000 kN and 
a stroke of 750 mm.  The machine is equipped with a closed loop control system allowing operation 
either in load or displacement-control.  The load is measured by means of calibrated load cells mounted 
on the piston rods of the individual actuators. 
Tests were carried out at -20ºC; this temperature was achieved and maintained for at least one hour 
before tensile loading was started by circulating refrigerated methanol, through specially designed 
cooling boxes having the same curvature as the pipe and firmly clamped against the outer walls at either 
side of the weld.  As the fluid is directly in contact with the pipe walls and is circulated at high speed, a 
uniform temperature is obtained throughout the prismatic test section.  The specimen temperature was 
continuously monitored by means of a chromel-alumel thermocouple, spot-welded to the inner wall in 
the near vicinity of the artificial defect. 
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Figure 68: Wide plate specimen with cooling boxes mounted in the 8000 kN tensile testing rig 
The overall elongation (Δl) was measured on a gauge length of 750 mm by means of two spring loaded 
Linear Variable Differential Transformers, LVDTs, which follow the relative displacement of two pairs 
of steel pins spot-welded 8.0 mm apart straddling the surface notch at the mid-length, see Figure 66. 
The use of two LVDTs is intended to compensate for any effect of in-plane bending that might occur as 
a result of any unwanted eccentricity of the load application line.  The LVDTs had a linear stroke of 
nominally 40.0 mm and an accuracy of better than 0.01 mm.  At either side of the weld, the elongations 
of the pipe sections were measured at the inner surface on a gauge length of 200 mm using similar 
LVDTs. The crack mouth opening displacement (CMOD) was measured at the root side on a gauge 
length of 8.0 mm by means of a clip-on measuring device, similar to that used for CTOD bend testing, 
which follows the relative displacement of the two steel pins.  The clip-on gauge was mounted between 
knife edges having a height of 2.0 mm and it had a linear stroke of 8.0 mm with an accuracy of better 
than 0.005 mm. 
Table 86 shows the values of the gross section stress, gross (overall) strain, CMOD value, the remote 
pipe metal strain, and the failure condition at the maximum load recorded during the curved wide plate 
tests.  
Table 86: Summary of CWP test results at maximum load 
 
Notch 
position 
Gross failure 
stress, MPa 
Overall failure 
strain, % 
CMOD 
mm 
Pipe metal failure 
strain, % 
Wide plate 
performance 
WMC 688 4.6 3.89 4.1 GSY 
HAZ / FL 670 3.6 2.24 3.3 GSY 
HAZ / FL 645 1.4 1.50 1.2 GSY 
The curved wide plate specimen with the notch at the weld metal centreline failed at a remote strain of 
4.1% while the HAZ-notched specimens survived remote strains of 3.3% and 1.2% respectively.  The 
measured CMOD-values were in line with these observations.  Instability at maximum load was seen in 
the weld metal centreline test and the specimen finally failed by unstable pop-through,  
The fracture face of the test with the notch at the weld metal centre-line, Figure 69, shows the artificial 
weld defect, at the top of the fractograph, followed by tearing (black arrow) and final 45° shear failure 
(white arrow). 
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Figure 69: Fracture face of the specimen with the notch at the weld centre-line 
The first specimen with a notch in the heat affected zone also failed by maximum load instability 
followed by unstable fracture whilst the other failed by unstable fracture initiation.  The plots of gross 
stress and CMOD are shown, as an example, for this specimen, Figure 70. 
 
Figure 70: Gross stress and CMOD as a function of pipe metal strain for the first curved wide plate 
specimen notched in the heat affected zone 
 
The fracture faces of the tests with the notch in the heat affected zone are shown in Figure 71 and 
Figure 72, where the grey arrows indicate the zones of insignificant pop-in adjacent to the artificial 
defects, and the black arrows point to the zones of stable crack extension. 
 
Figure 71: Fracture face of the first specimen with the notch in the heat affected zone 
The difference between the results for these two specimens was attributed to the presence of weld 
porosity at the artificial crack tip, indicated by the white arrow in Figure 72, which has been attributed 
to the burning through and repair actions reported in the description of the welding procedure.   
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Fracture 72: Fracture face of the second specimen with the notch in the heat affected zone 
In all three cases, the remote applied (gross) failure stress exceeded the pipe metal yield stress and the 
pipe metal strains measured at failure were all in excess of 0.5%.  These observations indicate that gross 
section yielding has been reached for all three specimens and this performance has been attributed to 
the beneficial effect of weld metal strength overmatching that shields defects from the applied 
deformation [19].  The values in Table 86 indicate that the remote applied strains were mainly 
consumed by the pipes at either side of the weld. 
Despite the incidence of pop-in, it was shown that the girth weld had adequate flaw tolerance, with 
respect to fracture initiation, for low temperature application.  It was concluded that the FCAW girth 
weld in the high Nb alloyed X80 pipe can, at a temperature of -20 °C, tolerate at least 3.3 % strain with 
a 3 x 50 mm circumferential surface breaking defect present in the weld root. In the presence of weld 
porosity the strain limit was reduced to 1.2 %. 
6.4 Plate for general construction 
The aim of this work-package was to assess the capability of the steel type in the rolled condition when 
processed with lower levels of controlled rolling and without the use of accelerated cooling, and to 
assess the effect of post-production processes on the performance of these steels. 
6.4.1 Composition and processing 
Air-cooled plates of 20 mm and 50 mm thickness were rolled in the Corus Scunthorpe Plate Mill from 
cast 81913.  The plate processing details are given in Table 87, and lower amounts of controlled rolling 
were used than that in plate for pipe production. 
Table 87: Processing of plate for structural use 
Plate ID Slab size (mm) 
Transfer bar 
thickness (mm) 
SRT
(°C)
EHT 
(°C) 
FRT
(°C)
Plate thickness 
(mm) 
Reduction 
Ratio 
FO922 230 x 1610 50 1225 970 896 20 2.5 
GR184 230 x 1970 110 1234 920 825 50 2.2 
 
6.4.2 Mechanical properties 
Tensile, Charpy impact and drop weight tear tests were carried out on the plates and toughness 
transition temperatures determined. DWTT is not a requirement of Euronorms relevant to structural use, 
but the information was of interest to determine the effect of lower levels of controlled rolling on this 
test parameter.   
Table 88: Mechanical properties of structural plates rolled from cast 81913 
Plate ID Rp0.2 (MPa) 
Rm 
(MPa) 
A 
(%) Rp/Rm 
0.5Kvmax 
ITT (°C) 
27 J ITT 
(°C) 
DWTT 
ITT (°C) 
FO922 484 540 25 0.89 -90 -130 -40 
GR184 410 521 21 0.79 -70 -110 -20 
The strength requirements in EN 10025-4: 2004 are dependent on plate thickness; the properties in 
Table 88 satisfy S420ML in the 50 mm thickness, failing only on yield strength, and S460ML in the 
20 mm thickness.  Considering the low level of controlled rolling in both of these plates, good strength 
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and excellent toughness were obtained.  This may allow higher production rates to be employed as 
holds to lower finish rolling temperatures are minimised. 
6.4.3 Microstructure 
The microstructures are shown for the quarter and mid-thickness of the plate in Figure 73. 
  
Quarter thickness 20 mm plate Quarter thickness 50 mm plate 
  
Mid-thickness 20 mm plate Mid-thickness 50 mm plate 
Figure 73: Microstructures of 20 mm and 50 mm structural steel plates 
 
EBSD was used to determine the grain sizes with 4o and 15o boundary angles and the values for the 
quarter thickness location are shown in Table 89.  
Table 89: Mean grain sizes in 20 mm and 50 mm structural steel plates 
Mean 4o Grain size Mean 15o Grain size  Plate 
thickness, 
mm microns mm
-1/2 microns mm-1/2 
Mean 15o/Mean 4o  
20 5.8 13.1 6.8 12.1 1.17 
50 7.3 11.7 8.8 10.7 1.20 
 
6.4.4 Weldability 
 
6.4.4.1 Weld properties 
 
Welding process are shown as three digit reference numbers according to EN ISO 4063: 2000 [1]. 
Welds were made by submerged arc, SAW (121), reduced pressure electron beam, RPEB (512), 
autogenous laser welding and hybrid laser/MAG processes (522) and the properties of the welds 
assessed by determination of Charpy impact transition curves for different notch locations.  The results 
have been compared with conventional S355 and S450 grade welds.   
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6.4.4.1.1 Submerged arc welds 
 
Submerged arc, butt welds were made in 25.4 mm and 50 mm thick plates.  The 25.4 mm plate was 
welded in 5-passes with a heat input of 4.5 kJ/mm and the 50 mm thick plate was welded in 21-passes 
with a heat input of 3.5 kJ/mm.  The welding procedures are shown in Appendix B3 and B4.  
Macrographs of the two welds are shown in Figure 74. 
 
 
(a) 25.4 mm thick plate 
 
(b) 50 mm thick plate 
 
Figure 74: Macrographs of submerged arc welds 
The welding procedures for the S355EMZ and S450EMZ are shown in Appendix B5. 
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(a) Notch at weld fusion-line 
(b) Notch in heat affected zone 
Figure 75: Impact transition curves for submerged arc welds 
The transition curves, Figure 75, showed that the high-Nb steel had transition temperatures lower than 
the S355 EMZ and S450 EMZ steels. 
6.4.4.1.2 Reduced pressure electron beam weld 
 
Reduced pressure electron beam welding was performed to make a butt-weld in the 25.4 mm thickness 
plate using a beam of electrons from an electron gun having a power up to 100 kW at a pressure of 
10-5-10-2 mbar.  The weld macrograph is shown in Figure 76 and the transition curve is shown in 
Figure 77. 
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Figure 76: RPEB weld in 25 mm thick plate 
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Figure 77: Impact transition curves for reduced pressure electron beam welds at fusion line + 0.5 mm 
 
6.4.4.1.3 Laser welds 
 
Samples were machined from the 25.4 mm plate to give 9 mm plates to produce an autogenous laser 
bead-on-plate weld and a hybrid laser/MAG butt-weld.  The notch locations for the Charpy specimens 
are shown in Figure 78.  The welding procedures are shown in Appendix B6. 
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 (a) autogenous laser  (b) hybrid laser / MAG weld 
Figure 78: Notch locations in Charpy specimens for 9 mm thick laser welds 
The impact transition curves are shown in Figure 79 and Figure 80. 
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Figure 79: Impact transition curves for the weld and HAZ of 9 mm thick autogenous laser weld  
 
Weld
HAZ
7.5 mm
 
Weld
HAZ fusion 
line
7.5 mm
HAZ 
Intercritical
126
  
 
  
 
0
40
80
120
160
200
240
-140 -120 -100 -80 -60 -40 -20 0 20 40 60
Temperature, C
C
ha
rp
y 
en
er
gy
, J
Weld HAZ / Fusion line HAZ Intercritical
 
Figure 80: Impact transition curves for 9 mm thick hybrid laser/MAG weld 
6.4.4.2 Weld simulation 
Samples from casts 16685, 30257 and 81913, were also evaluated after weld simulation carried out by 
reheating to 1250oC followed by controlled cooling through the range 800 - 500oC, using times of 8 s 
and 30 s.  Charpy impact transition curves were determined for these conditions and the hardness values 
at + 20oC are shown in Figure 81 and the absorbed energy values are in Figure 82. 
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Figure 81: Hardness values at +20°C on simulated welds 
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Figure 82: Charpy impact energy values at + 20oC on simulated welds 
Impact transition curves for these three steels, Figure 83, show that the simulated weld at 30 s tends to 
have the highest transition temperature and that this is usually higher than that found in real welds, 
Figure 84.  It can be concluded that the simulated weld with a 30 s cooling time gives a conservative 
estimate of the properties of real welds.  
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Figure 84: Comparison of impact transition curves for real and simulated welds  
6.4.5 Downstream process considerations 
A number of issues were identified as being of concern in the downstream processing of steel and, in 
order to address these, tests were carried out to demonstrate the through thickness ductility, strain 
ageing response, and post weld heat treatment response of steels for structural use. 
6.4.5.1 Through thickness ductility 
The through thickness ductility of three commercially rolled products has been measured,  Table 90. 
Table 90: Through-thickness reduction of area Z according to EN 10164 
Tested steel Do (mm) Du (mm) Z (%) Z (%) mean Rm (MPa) 
9.92 5.28 72 748 
9.89 4.90 75 734 
Strip 
SO 466,coil 246063, 
t=14.1 mm 9.80 4.57 78 
75 
731 
9.91 4.61 78 543 
9.98 7.54 43 539 
Plate 
PC 943 
t=25.4 mm 9.95 4.58 79 
66.8 
538 
10.01 6.33 60 510 
10.00 6.48 58 511 
Plate  
GR184 
t=50 mm 10.00 5.91 65 
61 
508 
 
0
40
80
120
160
200
240
280
320
-120 -100 -80 -60 -40 -20 0 20 40
Temperature, C
Im
pa
ct
 e
ne
rg
y,
 J 
16685 t8/5 = 30 s 30257 t8/5 = 30 s 81913 t8/5 = 30 s
16685 GMA Weld 30257 GMA Weld 81913 SAW weld
130
  
 
  
 
6.4.5.2 Strain ageing 
 
The strain ageing response was assessed following the approach described by Bannister [20] by 
determining the Charpy impact toughness transition curves for steel 81913 in the strained and the 
strained and aged conditions.  Two samples of the 14.6 mm thick plate were strained in tension to 10% 
strain in the rolling direction.  One of the samples was then artificially aged by holding it at 250°C for 
30 minutes.  Transverse Charpy specimens were extracted with the Charpy V notch oriented through 
the thickness and in the rolling direction (TL samples).  The mean results of three tests at each 
temperature are shown in Figure 85.  
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Figure 85: Charpy V transition curves for untreated, strained, and strained and aged material 
The curves were fitted using the modified procedure of Oldfield [21] and the characteristic values of 
upper and lower shelf energy, ITT 27J, and ITT 0.5Kvmax were used to determine the effects of 
straining and of ageing as shown in Table 91. 
Table 91: The effect of strain ageing on the transverse Charpy V transition curves of the high Nb low C 
commercial cast 81913 processed to 14.6 mm thick plate 
 Untreated 10% strained 10% strained and aged 30min for 250oC 
USE (J) 263 235 226 
LSE (J) 7 7 7 
ITT 27J (°C) -126 -104 -107 
ΔT ITT 27J (°C)  22 19 
ITT 0.5Kvmax (°C) -73 -52 -60 
ΔT ITT 0.5Kvmax (°C)  21 13 
USE = upper shelf energy, LSE = lower shelf energy, T27J = temperature at which a Charpy impact 
toughness value of 27J obtained, ΔT27J= shift in T27J with reference to the untreated condition, T50% 
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= temperature at which a Charpy impact toughness value equal to 50% USE is obtained, ΔT50% = shift 
in T50% with reference to the untreated condition. 
 
6.4.5.3 Post weld heat treatment 
 
The effect of post weld heat treatment was evaluated on two steels; one was a cast similar in 
composition to cast 81913, which had been supplied and welded before this project began as 12 mm 
thickness plate from Oregon Steel, and the other was cast 16685 in 14.1 mm thick coil-plate.  The 
12 mm plate was welded with a two-pass procedure.  The heat treatment was at 575oC for 30 minutes.  
 
A two pass submerged arc weld, Figure 86 (a), was made in the 12 mm Oregon plate using welding 
consumables typical of those used for seam welds in linepipe.  The weld preparation was a double 'V' 
with 90° and 100° included angles for first and second weld passes respectively.  The root region was 
welded by a laser, to give a continuous weld tack.  Weld heat inputs for side 1 and 2 were 2.0 and 2.6 
kJ/mm respectively as detailed in Appendix B7. 
 
The effect of post weld heat treatment was assessed by determining the impact transition curves for the 
as welded and the heat treated conditions; steel 81913 curves are shown in Figure 86 and those for steel 
16685 are shown in Figure 87. 
 
 
(a) 
0
20
40
60
80
100
120
140
160
180
200
-160 -120 -80 -40 0 40 80 120
Temperature (°C)
E
ne
rg
y 
(J
)
AW
PWHT
27J
80J
(b) 
0
50
100
150
200
250
300
-160 -120 -80 -40 0 40 80 120
Temperature (°C)
E
ne
rg
y 
(J
)
AW
PWHT
27J
80J
(c) 
Figure 86: Charpy V impact toughness transition curves for two-pass submerged arc weld in 25.4 mm 
thick plate, number  a) macroscopic image of weld, b) Charpy V impact transition curves for weld 
centre-line, c) Charpy V impact transition curves for the weld fusion line sampling 50% HAZ 
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Figure 87: Effect of heat treatment on steel 16685 
 
Both steels showed an increase in transition temperature after heat treatment with increases of 40 - 80oC 
and these were associated with increases in hardness, of ~ 15 HV, thought to be due to precipitation of 
niobium during the heat treatment. 
6.5 Industrial implementation 
 
6.5.1 Commercially rolled product property predictions 
 
The results of mechanical property tests on commercially rolled products have been compared with the 
properties predicted by the equations derived by linear multiple regression in the laboratory model.  The 
product identities, processing conditions, measured and predicted properties used in the comparison are 
presented in Table 92 for tensile properties and in Table 93 for impact transition temperature values. 
The comparisons are shown for tensile properties, in Figure 88, and ITT values in Figure 89. 
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Table 92: Processing conditions and tensile properties for the commercially rolled products 
Cast Identity log CR1 log CR2 RR PS  (MPa) 
Predicted 
PS (MPa)
TS 
(MPa) 
Predicted 
TS (MPa)
16685 246062 1.11 -2.65 3.4 532 626 641 701 
16685 246063 1.13 -2.65 3.4 549 641 672 717 
16685 246064 1.09 -2.65 3.4 546 637 657 713 
16685 246065 1.07 -2.65 3.4 524 636 646 712 
16685 246066 1.07 -2.65 3.4 535 636 646 712 
16685 246067 1.04 -2.65 3.4 544 634 644 710 
17721 41 1.26 -2.65 3.5 465 595 605 656 
17721 51 1.20 -2.65 3.5 481 595 601 652 
17721 21 1.18 -2.65 2.6 487 595 600 650 
17721 21 1.18 -2.65 2.6 503 584 600 650 
17721 69 1.11 -2.65 2.6 481 595 550 646 
30257 Ruukki 1.11 -2.65 3.8 630 663 727 711 
30257 783077 0.81 -2.65 3.5 569 642 663 689 
30257 783078 0.79 -2.65 3.5 522 641 630 689 
30257 783079 0.60 -2.65 3.5 547 630 645 675 
30257 783080 0.68 -2.65 3.5 503 634 611 681 
30257 937683 0.75 -2.65 3.8 613 639 708 685 
30619 21 1.08 -2.65 3.0 501 587 604 655 
30619 31 1.08 -2.65 3.0 484 587 576 655 
30619 41 1.08 -2.65 3.0 490 587 596 655 
30619 61 1.08 -2.65 3.0 488 587 593 655 
30619 71 1.08 -2.65 3.0 492 587 599 655 
30619 79 1.08 -2.65 3.0 495 587 603 655 
51569 865787 0.76 -2.65 3.8 617 691 759 801 
81351 41 1.59 -2.65 3.8 562 671 707 820 
81351 61 1.51 -2.65 3.8 635 665 787 814 
81351 31 1.52 -2.65 3.8 604 666 782 815 
81351 51 1.38 -2.65 3.8 584 656 810 805 
81913 PE111 -0.30 -1.10 3.7 439 475 533 567 
81913 PB329 -0.35 -1.10 4.1 533 472 592 563 
81913 PA665 -0.40 -1.10 3.1 479 468 541 560 
81913 FO922 -0.35 -1.10 2.5 464 472 540 563 
81913 GR184 -0.60 -1.10 2.2 410 455 521 546 
81913 PA666 -0.35 -1.10 3.1 512 472 581 563 
81913 7JE117 -0.30 -1.10 2.0 454 475 611 567 
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Table 93: Processing conditions and impact properties for the commercially rolled products 
Cast Strip log CR1 
log 
CR2 RR 
CT, 
(oC) 
27 J 
ITT, 
(oC) 
Predicted 
27 J ITT, 
(oC) 
0.5Kvmax 
ITT, (oC) 
Predicted 
0.5Kvmax 
ITT, (oC) 
16685 246062 0.92 -2.65 3.4 525 -115 -86 -93 -75 
16685 246062 1.11 -2.65 3.4 390 -84 -59 -60 -34 
16685 246062 1.22 -2.65 3.4 305 -86 -42 -74 -9 
16685 246063 1.13 -2.65 3.4 390 -88 -59 -63 -34 
16685 246064 0.89 -2.65 3.4 555 -80 -92 -73 -84 
16685 246064 1.09 -2.65 3.4 440 -78 -69 -61 -49 
16685 246064 1.15 -2.65 3.4 405 -70 -62 -59 -39 
16685 246065 1.02 -2.65 3.4 470 -82 -75 -62 -58 
16685 246065 1.07 -2.65 3.4 450 -83 -71 -69 -52 
16685 246065 1.14 -2.65 3.4 445 -88 -70 -50 -51 
16685 246066 0.93 -2.65 3.4 545 -81 -90 -64 -81 
16685 246066 1.07 -2.65 3.4 460 -93 -73 -63 -55 
16685 246066 1.17 -2.65 3.4 400 -81 -61 -63 -37 
16685 246067 0.88 -2.65 3.4 560 -77 -93 -58 -85 
16685 246067 1.04 -2.65 3.4 480 -79 -77 -59 -61 
16685 246067 1.15 -2.65 3.4 400 -97 -61 -76 -37 
17721 21 1.18 -2.65 2.6 510 -140 -87 -110 -69 
17721 21 1.18 -2.65 2.6 510 -150 -87 -150 -69 
17721 21 1.18 -2.65 2.6 540 -140 -93 -125 -78 
17721 41 1.26 -2.65 3.5 482 -140 -99 -125 -75 
17721 51 1.20 -2.65 3.5 553 -140 -114 -125 -96 
17721 69 1.11 -2.65 2.6 580 -135 -101 -110 -90 
17721 69 1.11 -2.65 2.6 570 -130 -99 -110 -87 
17721 69 1.11 -2.65 2.6 480 -140 -81 -130 -60 
30257 783077 0.74 -2.65 3.5 573 -39 -126 -31 -111 
30257 783077 0.81 -2.65 3.5 544 -58 -120 -49 -102 
30257 783077 0.82 -2.65 3.5 528 -73 -117 -54 -98 
30257 783078 0.77 -2.65 3.5 604 -46 -132 -43 -120 
30257 783078 0.75 -2.65 3.5 538 -60 -119 -44 -101 
30257 783078 0.43 -2.65 3.5 553 -74 -122 -57 -105 
30257 783079 0.60 -2.65 3.5 650 -60 -141 -44 -134 
30257 783079 0.70 -2.65 3.5 588 -34 -129 -33 -116 
30257 783079 0.64 -2.65 3.5 569 -50 -125 -39 -110 
30257 783080 0.71 -2.65 3.5 560 -38 -123 -20 -107 
30257 783080 0.70 -2.65 3.5 576 -43 -126 -24 -112 
30257 783080 0.70 -2.65 3.5 568 -55 -125 -34 -110 
30257 SZ 1.51 -2.65 3.8 570 -110 -131 -70 -115 
30619 21 1.00 -2.65 3.0 600 -120 -123 -80 -111 
30619 31 1.00 -2.65 3.0 640 -120 -131 -80 -123 
30619 41 1.00 -2.65 3.0 550 -140 -113 -95 -96 
30619 61 1.00 -2.65 3.0 530 -120 -109 -110 -90 
30619 71 1.00 -2.65 3.0 570 -120 -117 -90 -102 
30619 79 1.00 -2.65 3.0 590 -120 -121 -90 -108 
81351 31 1.52 -2.65 3.8 579 -80 -101 -60 -87 
81351 41 1.59 -2.65 3.8 600 -135 -105 -100 -93 
81351 51 1.38 -2.65 3.8 550 -80 -95 -40 -78 
81351 61 1.51 -2.65 3.8 580 -100 -101 -65 -87 
81351 61 1.51 -2.65 3.8 550 -110 -95 -65 -78 
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81913 PA666 -0.30 -1.10 3.1 550 -90 -121 -75 -110 
81913 PB329 -0.30 -1.10 4.1 550 -100 -141 -85 -126 
81913 PC943 -0.30 -1.10 4.1 550 -140 -141 -140 -126 
81913 PE111 -0.30 -1.10 3.7 550 -110 -133 -90 -120 
81913 YBRM3 -0.30 -1.10 3.1 550 -90 -121 -75 -110 
81913 YBRP2 -0.30 -1.10 4.1 550 -100 -141 -85 -126 
81913 YBWA1 -0.30 -1.10 3.7 550 -110 -133 -90 -120 
81913 FO922 -0.30 -1.10 2.5 550 -130 -109 -90 -101 
81913 GR184 -0.50 -1.10 2.2 550 -110 -103 -70 -96 
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Figure 88: Comparison of predicted and measured tensile properties on commercially rolled products 
(a) 27 J ITT (b) 0.5Kvmax ITT 
Figure 89: Comparison of predicted and measured ITT values on commercially rolled products 
The prediction of the tensile strength was good, but predictions of the proof stress tended to be higher 
than the measured values. Predictions of the impact transition temperature were poor for cast 30257, 
with measured values being higher than the predictions, and cast 17721 where the measured values 
were lower than the predictions.  
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The regression equations have been used to predict the results presented by Piette et al [22] and 
Yakubtsov and Boyd [23] on low carbon niobium bearing steels processed in the laboratory, and the 
comparisons are shown in Figure 90 and Figure 91. 
 
Figure 90: Comparison of predicted strengths for steels in published papers 
 
 
Figure 91:  Comparison of predicted 0.5Kvmax ITT for steels in published papers 
The details extracted from these papers are shown in Table 94, for the compositions, and  Table 95, for 
the processing and properties.  
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Table 94: Steel compositions from published papers  
Steel C Mn Al Ti Nb Ni Mo Cu Cr B 
NC4 0.037 1.76 0.017 0.042 0 0.19 0 0.21 0.0001 
NC5 0.040 1.87 0.017 0.040 0 0.50 0 0.50 0.0001 
NC6 0.039 2.07 0.016 0.040 0 0.51 0 0.50 0.0001 
NC8 0.073 1.63 0.014 0.039 0 0.20 0 0.50 0.0001 
NC10 0.068 2.05 0.016 0.050 0 0.20 0 0.22 0.0001 
NC11 0.071 2.03 
0.015 
to 0.034 
0.016 0.040 0 0.50 0 0.51 0.0001 
1 0.07 1.7 0.035 0.008 0 0.3 0.16 0 0 0.0001 
2 0.07 1.7 0.035 0.008 0.02 0.3 0.16 0 0 0.0001 
3 0.07 1.7 0.035 0.008 0.06 0.3 0.16 0 0 0.0001 
4 0.07 1.7 0.035 0.008 0.10 0.3 0.16 0 0 0.0001 
 
Table 95: Processing and properties for steels in published papers 
Steel 
log 
CR1 
log 
CR2 RR 
PS 
(MPa) 
Predicted PS 
(MPa) 
TS 
(MPa)
Predicted TS 
(MPa) 
0.5Kvmax 
ITT (°C) 
Predicted 
0.5Kvmax 
ITT (°C) 
NC4 1.40 -1.10 4 551 589 668 662 -75 -74 
NC5 1.40 -1.10 4 613 639 750 771 -50 -49 
NC6 1.40 -1.10 4 641 651 781 800 -44 -40 
NC8 1.40 -1.10 4 601 602 756 760 -45 -24 
NC10 1.40 -1.10 4 614 637 763 794 -45 -17 
NC11 1.40 -1.10 4 707 672 903 876 -24 2 
1 1.10 -1.10 4 400 548 720 677 -125 -87 
2 1.10 -1.10 4 475 558 745 690 -110 -87 
3 1.10 -1.10 4 530 578 750 716 -140 -87 
4 1.10 -1.10 4 590 598 790 742 -120 -87 
1 0.65 -1.10 2.5 360 518 650 646 -140 -63 
2 0.65 -1.10 2.5 450 528 675 659 -80 -63 
3 0.65 -1.10 2.5 490 548 730 685 -105 -63 
4 0.65 -1.10 2.5 550 568 750 711 -85 -63 
 
The prediction of properties appears to be good for steels processed in the laboratory, but less good on 
the commercially processed steels, where perhaps the values for processing conditions may be less 
certain. 
 
6.5.2 Cost benefit analysis 
 
With escalating raw material costs, steel mills are intensely pursuing lean alloying and minimized 
operational cost. Simultaneously, end users are demanding structural components with even better 
strength, toughness, formability and weldability characteristics.  Consequently, new process and 
physical metallurgy challenges face today’s steel producers.  The change in economic climate has 
created a compelling situation that requires producers to consider a change in their grade development 
approach. High-alloy compositions are becoming prohibitively expensive for the end user under the 
current economic climate.  This grade development strategy links a low-carbon, low-alloy, low-cost 
steel approach that balances the chemistry of the steel with the process metallurgy capabilities of the 
mill at a competitive price.  A more economic production (avoiding major additions of alloying 
elements such as Mo, Ni, etc.) of HSLA steel with (partial) bainitic microstructure became possible 
with the introduction of accelerated cooling after thermo-mechanical rolling. Thanks to the finer grain 
size and the higher dislocation density of this type of bainite compared to polygonal ferrite, this 
microstructure leads to yield strength levels above 500 MPa, while air cooling can produce yield 
strengths above 420 - 460 MPa. 
The past practice of passing on high raw material and operational costs to end-users is not sustainable 
for the long term.  The current global competitive environment of the integrated and mini-mill steel 
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industry necessitates a thorough understanding of the economics of process and physical metallurgy 
changes made within the ironmaking, steelmaking and rolling processes as well as their effects on 
product margins, deliveries and overall customer performance.  Under current economic conditions, the 
future grade development trend will focus upon five areas:  
• Low-carbon low-alloy grades 
• Fine-grained microstructures 
• Application of cost - benefit analyses 
• Increased capital spending on mill power and accelerating cooling upgrades 
• Grade consolidation  
The economic balance of the process metallurgical practices including the melting, rolling, chemistry 
development and thermal rolling practices with end user mechanical property demands has become an 
even bigger challenge for steel developers due to several factors.  These factors include escalating raw 
material and energy prices that result in significant challenges for steel producers trying to meet or 
exceed end-user demands and expectations at globally competitive prices.  The production of value-
added microalloyed niobium-bearing steels can be realized through the synergistic development of 
appropriate steel chemistries along with the proper melting and alloy addition practices, slab reheating 
furnace practices and specific hot rolling practices to successfully obtain fine-grained, homogeneous 
microstructures. Cost - benefit analyses need to go beyond just the consideration of raw material costs 
to include production practices and overall operational and metallurgical costs.  As shown below, the 
incorporation of low-carbon lean-alloy (LCLA) grades offers attractive cost benefits.  Further benefits 
can be also realised by end-users, such as producers of pipe, steel structures or automotive components. 
A Cost Benefit Analysis has been performed to assist the design and production of new low-carbon 
lean-alloy (LCLA) steels. The entire supply chain is integrally connected from raw materials to the 
finished component.  Drivers such as the actual cost of raw materials, substitute materials, 
productivity/quality indices, operational and indirect costs are key components to be considered and 
evaluated.  
The primary drivers of the total cost per ton of steel comprise the following components:  
• Alloying cost 
• BOF/EAF conversion cost 
• Reheat furnace gas consumption 
• Plate mill/hot strip mill conversion cost 
• Electrical energy consumption 
• Cobbles and diverts 
It is evident that the actual operational cost varies significantly between different steel mills depending 
on their layout and capability of equipment.  In order to allow a general analysis the costs of different 
mills were averaged to synthesize budget costs for individual processing steps such as steel making, 
continuous casting and hot rolling as shown in Table 96.  These data are based on average costs of the 
year 2007 and refer to a standard CMn grade with 0.1% carbon.  Also estimated are specific cost effects 
related to the production of LCLA steel such as carbon reduction below 0.1%, slab-conditioning costs 
due to crack forming during continuous casting, and cost penalties due to cobbles and diverts.  On the 
contrary a cost saving is possible when hot charging of the slabs into the reheating furnace is possible. 
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Figure 92: Evolution of relevant ferro-alloy costs 
 
Table 1: Budget costs for relevant process steps used in the cost-benefit-analysis 
 
Pig iron  190 €/t 
Steelmaking Standard CMn grade (0.1% C) 70 €/t 
 Carbon reduction (per 0.01%) +5 €/t 
Continuous casting  15 €/t 
 Slab conditioning (scarfing) +20 €/t 
HRM conversion cost No TMCP 55 €/t 
 Hot charging (cost saving) -3 €/t 
 Production time TMCP +15-45 €/t 
 Cobbles (per 1%) +0.75 €/t 
 Diverts (per 1%) +1.70 €/t 
 
6.5.2.1 Alloying cost analysis 
The alloying cost can be very volatile, as recent years have shown. Price changes in the order of several 
hundred percent have been noticed for some relevant alloying elements, Figure 92.  In order to make 
comparisons transparent, average ferro-alloy prices of the year 2007 are taken in the current analysis, 
Table 97. These data are used to evaluate the alloying cost changes when switching from traditional 
alloying concepts to the low-C high-Nb alloying concept. 
 
Table 97: Average ferro-alloy costs over the year 2007 
 
Ferro-alloy MC FeMn FeSi FeTi FeV FeNb FeMo FeCr Ni Cu 
Average price 
(€/alloy kg contained) 1.42 0.90 8.1 27.9 17.3 53.4 4.9 27.6 5.3 
 
The particular focus of the project was high-Nb alloying (1 kg Nb per ton of steel); the specific alloying 
cost for that element is around 17.3 EUR per ton of steel.  However, since Nb is already a standard 
alloying element in more conventional high strength steel alloy design, albeit in lower concentration 
(0.04 wt. %), it is reasonable to take 10.4 EUR per ton of steel as the actual cost increase related to 
high-Nb alloying.  
Table 98 shows the cost of various alloy concepts for X70 and X80 hot-strip material.  Compared to the 
traditional Nb-V alloying concept for X70, the HIPERC high Nb-Cr concept offers an alloying cost 
saving of around 5 EUR per ton.  Within the HIPERC project an alternative alloying concept for X70 
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with a Nb content reduced to 0.06% was also investigated.  This alloying concept would comply with 
current Nb limitations in the EN specification.  A combination of Cr, Cu, and Ni was used to achieve 
the strength.  Although the production of X70 hot strip is technically feasible, the additional alloying 
cost for this concept is around 60 EUR per ton compared to the low-C – high Nb concept.  
Table 98: Alloying cost of various hot rolled strip concepts for X70 and X80 pipe skelp 
Alloying 
concept X70 coil 
X70 coil 
HIPERC 
X70 coil 
HIPERC 
30619 
X80 coil 
HIPERC 
16685 
X80 coil 
ERW 
X80 coil 
HIPERC 
81351 
L555MB X80 AF coil 2
nd
WEGP 
(wt. %) Salzgitter Generic 14.0 mm Ruukki 
14.1 mm 
Salzgitter 
9.0 mm 
Bluescope
11.0 mm 
Ruukki Ruukki 
18.5 mm 
Chinese mills 
C 0.10 0.05 0.04 0.05 0.08 0.04 0.06 0.04 
Mn 1.70 1.80 1.81 1.75 1.60 1.96 1.75 1.85 
Si 0.30 0.30 0.30 0.30 0.30 0.20 0.37 0.25 
Cr  0.20 0.21 0.27  1.01  0.20 
Cu   0.21   0.21  0.20 
Ni   0.20   0.22  0.15 
Mo    0.07 0.20  0.30 0.25 
Nb 0.04 0.10 0.06 0.10 0.05 0.10 0.06 0.08 
V 0.10      0.07  
Ti  0.02 0.01 0.02 0.02 0.01 0.02 0.02 
Ferro-alloy 
cost 62.35€ 56.98€ 116.17€ 96.02€ 142.09€ 169.36€ 217.25€ 239.24€ 
 
While X70 is a standard grade for many pipeline projects the use of X80 became significant only in the 
recent years.  A major project was Cheyenne Plains in the USA, which is 617 km long and involved 
low-C high-Nb steel with either Cr or Mo as additional alloying element.  Both alloying concepts were 
rolled on Steckel mills.  More recently, the first mega project for X80 has been started in China.  The 
2nd West-to-East gas pipeline consists of roughly 5400 km X80 grade of which the larger part is made 
from coiled plate (spiral pipe).  The specified requirements (AF microstructure, high toughness, strain 
based design) for that pipeline as well as the high gage (18.5 mm) necessitated a quite rich alloying 
concept leading to a high alloying cost.  A more conventional CMnNbMo concept has been developed 
for thin gage ERW welded tube.  The low-C high-Nb alloys qualified for X80 within the HIPERC 
project appear to be rather cost competitive.  The cheapest alloying concept uses a moderate Cr and Mo 
addition.  The Mo-free alloy design works with a relatively high Cr addition and further applies Ni and 
Cu alloying.  The latter concept will be competitive against alloys containing at least 0.2% Mo. 
 
6.5.2.2 Process cost analysis 
 
6.5.2.2.1 Steelmaking 
 
High-Nb steel concepts require the carbon content to be reduced to 0.05% or less.  This translates into 
increased processing cost in the steelmaking shop compared to peritectic steel such as a 0.10%C Nb-V 
grade traditionally used for X70.  This cost is budgeted to 5 EUR per ton and per 0.01% carbon 
reduction.  However, many high-strength steel grades used today for either line pipe or structural 
applications do have reduced carbon contents to a level of around 0.08% anyway.  This is due to the 
better toughness, lower transition temperature and improved weldability at reduced carbon content. 
Thus the steelmaking process cost surplus of replacing a traditional Nb microalloyed steel grade by a 
low carbon – high niobium grade can be estimated to be less than 25 EUR per tonne. 
 
6.5.2.2.2 Continuous casting 
 
For the behaviour of a steel grade during continuous casting the carbon content is of fundamental 
importance.  As indicated in Figure 93 slab cracking is likely to occur when the carbon content is in the 
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peritectic range, i.e., from 0.10% to 0.16% C.  Most harmful in medium carbon steels is the 
interdendritic enrichment during the peritectic reaction.  During this reaction, additional shrinkage 
occurs due to the formation of face centred cubic austenite from the body centred cubic delta ferrite and 
liquid rest melt that is enriched in alloying elements is trapped in the interdendritic pools.  This 
structural inhomogeneity, as well as the coarse grain size of the austenite formed at the high peritectic 
temperature, enhances the susceptibility of slabs to surface cracking.  It has been reported, [24], that 
surface cracking is avoided when lowering the carbon content to about 0.05% or less.  Lower carbon 
contents reduce the dendritic segregation due to a smaller solidification interval and a larger δ-ferrite 
interval.  Homogenisation is enhanced because the diffusion coefficient of solute elements in δ-ferrite is 
100 times that in austenite at the same temperature. 
 
 
Figure 93: Peritectic range of the iron-carbon diagram and influence on the slab surface condition in 
continuous casting [24] 
 
Typical casting speeds are in the range of 1.0 to 1.6 m/min.  This means that near peritectic steels (0.08-
0.10%C) have a substantial risk of cracking. Hence the slabs must be repaired by flame scarfing. 
Reducing the casting speed to low values where cracking is reduced, see Figure 93, is not a practical 
option due to loss of productivity and technical constraints of the casting machine.  Production 
experience with a near peritectic Nb-V pipeline grade revealed an average slab repair cost of in the 
order of 20 EUR/tonne.  Trial production experience within the HIPERC project as well as industrial 
production elsewhere have demonstrated that slab repair will be obsolete with the low-C – high-Nb 
alloying concept. 
 
Crack-free slabs after continuous casting also offer the possibility of hot charging into the reheating 
furnace of the hot rolling mill.  In this way, the energy necessary for soaking can be significantly 
reduced.  The enthalpy for heating steel from room temperature (20°C) to soaking temperature 
(1250°C) is estimated to 815 MJ/t.  By heating the steel from a charging temperature of 700°C the 
necessary enthalpy is reduced to 430 MJ/t.  With an assumed combustion efficiency of 65%, the energy 
saving by hot charging is calculated to be around 600 MJ/t.  With an average natural gas price (2007, 
Henry Hub) of 5.27 EUR/MMBTU the cost saving achieved by hot charging at about 700°C can be 
estimated to around 3 EUR/t. 
 
6.5.2.2.3 Hot rolling 
 
One of the important characteristics of the low-C high-Nb steel alloy design is its high recrystallisation 
stop temperature, which is 50-100°C higher than that of conventional TMCP alloy designs. 
Accordingly, since non-recrystallising rolling can be done at higher temperature and hence at lower 
flow stress of the material, the designation “high temperature processing” (HTP) alloy was given.  The 
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original idea of allowing weaker powered rolling mills to produce TMCP steel may be less relevant 
today.  However, TMCP rolling at increased temperature offers the possibility of a more compact 
rolling schedule and thus higher productivity of a hot strip mill.  Figure 94 demonstrates the impact of 
the HTP concept on the hot rolling schedule. Both, the running-in (RIT) and the finish-rolling (FRT) 
temperature are significantly higher compared to a conventional alloying concept with lower 
recrystallisation stop temperature (TNR).  It is also obvious that the processing window of the HTP alloy 
is much larger. Typically finish rolling is 20-70°C above Ar3 for the HTP alloy whereas it is only 5-
15°C for a conventional alloy.  
Figure 94: Comparison of conventional and high-Nb alloy TMCP schedule and mean flow stress 
Some other advantages of the high-Nb alloy concept have also been seen during trial and industrial 
production of hot strip [25]: 
• In comparison to the conventional alloy concepts, the high-Nb concept allows sizing in the 
sizing press up to a width reduction of 300 mm due to its high delivery temperatures after 
discharging from the furnace.  
• Using the high-Nb concept can decrease the number of passes. Due to the high re-
crystallization-stop temperature roughing can be done in a compact way, resulting in high 
delivery temperatures to the finishing train. Transfer bar oscillation can be omitted. 
• Due to the higher delivery temperature of the transfer bar, the crop shear is facing lower 
resistance and the drives and bearings of the finishing stands are exposed to lower rolling 
forces reducing wear for the equipment involved. 
Figure 95 summarises the actual production cost data of three different scenarios whereby the total 
production cost of a conventional (NbV) X70 is set as 100%.  The high-Nb X80 concept can be 
produced at only 95% of the reference cost, i.e., it is cheaper than the lower grade with the conventional 
alloying concept.  The more expensive alloying concept of the X80 is compensated by the absence of 
slab finishing (scarfing) cost and reduced production cost during hot rolling.  If the high-Nb alloying 
concept is reduced to give only X70 as maximum strength, the total production cost would further 
shrink to around 87% of the reference. 
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Figure 95: Cost analysis of different X70 and X80 hot strip concepts for pipe 
Similar analysis can be done also for a plate mill process as shown in Figure 96.  Here, different 
alloying concepts for S500 plate steel using different cooling strategies according to Table 99 are 
compared.  
Table 99: Examples of alloying concepts for S500 plate material under different cooling conditions 
 C Mn Cu Ni Cr Mo Nb Ti Cooling 
Traditional 
alloy 0.09 1.80 0.30 0.25 0.25 0.15 0.05 0.010 Air 
LCLA Cu-Nb 0.04 1.50 0.50 - - - 0.10 0.015 Accelerated 
LCLA Nb 0.04 1.50 - - - - 0.10 0.015 Heavy accelerated 
 
The production cost of the three steel concepts shown in Table 99 is being compared by using control 
data of the individual production steps for one specific steel mill [26].  The reference is the LCLA Nb 
grade.  The conventional alloy grade produced via air-cooling is 57% higher in cost as compared to the 
LCLA composition using accelerated cooling. As before in the strip mill examples, alloying, 
steelmaking and hot mill conversion costs are the major cost drivers. It is evident from Figure 96 that 
the alloying cost makes the biggest difference between the three concepts and that a powerful cooling 
device clearly allows for the cheaper alloying concept. 
 
In all investigated cases it became obvious that potential costs or savings related to electrical power 
consumption, cobbles and diverts will have a negligible influence on the decision making process for 
the high-Nb alloy concept.  
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Figure 96: Cost analysis of different concepts for S500 grade plate material (AC air cooled, ACC 
accelerated cooled, HACC heavy accelerated cooling) 
 
6.5.2.3 Other benefits of the high-Nb alloying concepts 
 
6.5.2.3.1 Stability of mechanical properties 
 
Besides pipe skelp and plate, as well as structural plate, the high-Nb alloying concept is also being used 
to produce thinner gauged hot-rolled band, for instance in automotive applications.  In this case a 
high-Nb Cr alloy very similar to the HIPERC X70 pipe skelp, shown in Table 98, is applied.  
Depending on the run-out table conditions of cooling speed and coiling temperature, a ferritic or 
bainitic microstructure can be produced. Due to the high amount of Nb in solid solution at the moment 
of coiling it is possible to obtain substantial precipitation hardening by very fine NbC particles.  This 
effect can provide a yield strength increase of up to 250 MPa. Since higher coiling temperatures 
promote precipitation hardening and lower ones rather promote dislocation hardening (bainite 
formation), the high-Nb alloying concept provides remarkably low scattering of mechanical properties 
even if the temperature profile over the strip is not stable on the run-out table.  This is demonstrated in 
Figure 97 for 5 mm gauge hot strip of grade S550 MC [27].  Although there was a considerable 
temperature drift during coiling from 480°C at the coil head to 590°C at the coil tail, the yield strength 
varies only little and the tensile strength is practically unaffected.  Compared to the conventional 
alloying concept (0.09%C, 0.70%Mn, 0.10%Si, 0.13%Ti), the high-Nb alloy is much more stable under 
mass production conditions as shown by the distributions of yield strength measured over several 
hundred production coils in Figure 98.  This not only helps to reduce diverts significantly but also 
improves the down-stream processing.  
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Figure 97: Variation of strength along and across a hot rolled high-Nb and high-Ti strip steel of 5 mm 
gauge [27] 
 
  
 
Figure 98: Statistical evaluation of strength in hot rolled high-Nb and high-Ti steel coils of 5 mm   
gauge [27] 
6.5.2.3.2 Welding 
 
One of the most important fabrication technologies for steel is welding.  Depending on the final 
application very different welding techniques are being applied such as SAW used in pipe production, 
GMAW for mechanized field welding or laser welding often used in the vehicle industry.  The various 
processes operate with quite different heat inputs and cooling rates.  Especially low heat input and fast 
cooling rate tend to induce hard microstructures (martensite) with poor ductility and toughness.  To 
avoid cold cracking the maximum permissible hardness should not exceed 350 HV and under increased 
hydrogen conditions this limit may be lowered to 300 HV.  The ideal high strength steel would thus be 
as insensitive as possible towards varying heat input and cooling rate and would not produce phases 
harder than 350 HV.  This potential is given by the alloy designs developed in this project.  The low 
carbon content principally limits the hardness of martensite.  Furthermore under low heat input welding 
conditions, the content of martensite is reduced as shown in Figure 99. 
The welding CCT diagram for a low-C high-Nb pipe steel is shown in Figure 100 (a) [28].  The 
diagram comprises a very wide bainite field covering practically the entire range of technically relevant 
cooling speeds.  This reflects excellent weld toughness, which is clearly superior to more traditional 
alloy concepts with higher carbon content Figure 100 (b). 
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Figure 99: Influence of weld heat input (simulation: 1300°C peak temperature and heating rate 200°C/s) 
on weld metal hardness and martensite content 
 
(a) 
 
(b) 
Figure 100: Welding simulation (1300°C peak temperature and heating rate of 200°C/s); (a) CCT 
diagram of 0.05%C-1.8%Mn-0.10%Si-0.20%Ni0.25%Cr-0.25%Mo-0.09%Nb-0.01%Ti steel; (b) 
Charpy V-notch toughness at -20°C for different cooling rates and carbon contents. 
The favourable welding behaviour of low-C high-Nb steel has the potential to optimise welding 
procedures and reduce welding cost.  For instance, preheating could be omitted and welding speed 
could be increased.  The use of that potential, however, will much depend on the actual practices of the 
weld contractor, available equipment, training and discipline of welders and boundary conditions 
specific to the project.  
The following welding procedure [29] has been applied to field welding of the Cheyenne Plains X80 
pipeline using low-C high-Nb steel (0.04%C, 1.6%Mn, 0.15%Si, 0.15%Ni, 0.10%Nb, 0.01%Ti): 
• Root bead: E6010 (3.2 mm – 4.0 mm dia.) 
• Hot Pass: E9010-P1 (4.0 mm – 4.8 mm dia.) 
• Fill and Cap Passes: E9018M and/or E101T1-GM (1.1 mm dia., 75/25% Argon/CO2) 
• Preheat: 65 °C; Repair Preheat: 120 °C 
• Interpass Temperature: 230 °C maximum 
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The 11.8 mm mainline required two low hydrogen fill passes plus a cap pass.  While the 16.9 mm 
crossing pipe required three to four low hydrogen passes plus a split (2 pass) cap.  The resulting 
SMAW/FCAW weld properties were as follows: 
• Cross-weld Tensile Tests (UTS): 683-759 MPa 
• Weld Metal Centreline CVN@ -5 °C: 45-114 J 
• HAZ CVN@-5 °C: 58-214J 
• VHN10kg: 162 – 278 Parent Metal-HAZ-WM Traverses 
To ensure that a quality weld root would be achieved for the manual welding process, a key 
requirement was that cellulosic welding materials could be used only for the root and hot pass welds, 
with higher than usual preheat requirements employed to reduce the probability of hydrogen assisted 
cold cracking (HACC).  A low hydrogen welding process, consumables and procedure would be 
required for the remainder of the weld. Such a requirement was made to mitigate the potential for 
HACC during production and tie-in welding while still maintaining the strength and toughness 
properties of the weld zone. 
Travel speeds for the low hydrogen welding processes were typically between 50 and 150 mm/min. 
FCAW provided the higher welding speeds with an additional advantage that the operating factor was 
two to four times that of SMAW, resulting in a considerable improvement in production speeds.  The 
deposition rate, deposition efficiency and operating factor were considerably higher than for cellulosic 
welding techniques. 
6.5.2.4 Summary 
The cost benefit analysis of producing high strength steel using a low-C high-Nb alloying concept has 
revealed the following: 
• Overall alloying costs can be reduced by using high niobium low carbon rather than 
somewhat higher carbon and lower niobium contents to produce pipe and structural steel 
grades with minimum specified yield strengths in the range of 485 to 555 MPa (S500, X70 
& X80 grades).  
• The surface quality of slabs is particularly good so that slab conditioning by flame scarfing 
becomes obsolete.  The resultant cost saving is approximately 20 €/t. 
• Due to the good slab surface quality hot charging to the reheating furnace is possible.  The 
cost saving effect is, however, limited and estimated to be less than 3 €/t. 
• Hot rolling under TMCP conditions in the strip mill can be done faster and with a wider 
processing window than for a conventional TMCP alloying concept. Due to generally 
higher finish rolling temperatures the novel steels are softer thus mechanical loads on the 
equipment involved are lower and maintenance will be consequently reduced.  The resultant 
potential cost saving is in the order of 30 €/t. 
• The alloying concept can be applied to pipe, plate, and both heavy and thin gauge hot strip, 
and over a wide range of yield strengths.  It thus principally offers a good potential for 
grade consolidation reducing metallurgical and logistical complexity in the mill. 
• Weldability of the steel is excellent due to the low carbon equivalent and stability of the 
HAZ microstructure over a wide range of cooling speeds. This allows optimising weld 
practices to become more economical.  
 
6.5.3 Justification for changes to Euronorms 
 
6.5.3.1 Euronorms concerned and related standards 
 
An important objective of the HIPERC project has been to justify changes to the Euronorms related to 
high-strength steels for linepipe and structural applications.  As shown earlier, the yield strength levels 
of the steels studied here range from 420 to above 700 MPa.  Therefore, for structural steels, the 
Euronorm of interest is EN 10025-4 [30] (Thermomechanically rolled structural steels).  This standard 
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covers steel grades with minimum specified yield strengths of 275, 355, 420 and 460 MPa and specified 
minimum impact toughness down to -20oC (designated M) or -50oC (designated ML).  Steels are 
designated as SxxxM or SxxxML, where xxx is the yield strength concerned. 
 
Though not specifically studied here, the steels covered by EN 10028-5 [31] (Thermomechanically 
rolled pressure vessel steels) are closely related to the structural steels in EN 10025-4 and are similarly 
affected by the results of this project. 
 
As explained in EN 1993-1-12 [32], EN 1993 (Eurocode 3, Design of steel structures) also recognises 
the use of high yield strength, thermomechanically rolled steel for cold forming as covered by 
 EN 10149-2 [33], which are also widely used in steel structures. Being intended for cold forming, the 
steels are 1.5 - 20 mm thick for yield strengths up to and including 460 MPa and 1.5 - 16 mm for the 
yield strength range 500 - 700 MPa. 
 
High-strength steel for pipelines transporting combustible fluids is covered in EN 10208-2.  
Considering the processing conditions studied in HIPERC and the strength levels achieved, the 
thermomechanically processed grades designated L415MB, L450MB, L485MB and L555MB are 
concerned here.  
 
To some extent, the above Euronorms have equivalents on other continents or within the ISO system. 
Tables 100 - 102 show some relevant details from some of the various standards.  It can be seen that in 
the Euronorms for thermomechanically rolled structural steels, Table 100, and steels for pipelines, 
Table 102, niobium microalloying is limited to a maximum of about 0.05%. However, the maximum 
carbon levels allowed are about 0.16%. For structural steels, a similar situation is found in ASTM 
A572, though there even higher levels of carbon are allowed.  
 
Table 100: Some details from standards related to hot-rolled high-strength structural steels 
Designation YS C Mn Nb V Ti (Nb+V+Ti)Standard Product area  MPa max max max max max max 
S355M/ML 355 0.14 1.6 0.05 0.10 0.05 - 
S420M/ML 420 0.16 1.7 0.05 0.12 0.05 - EN 10025-4 
Hot rolled products of 
structural steels: 
Thermomechanically rolled 
S460M/ML 460 0.16 1.7 0.05 0.12 0.05 - 
S315MC 315 0.12 1.3 0.09 0.2 0.15 0.22 
S355MC 355 0.12 1.5 0.09 0.2 0.15 0.22 
S420MC 420 0.12 1.6 0.09 0.2 0.15 0.22 
S460MC 460 0.12 1.6 0.09 0.2 0.15 0.22 
S500MC 500 0.12 1.7 0.09 0.2 0.15 0.22 
S550MC 550 0.12 1.8 0.09 0.2 0.15 0.22 
S600MC 600 0.12 1.9 0.09 0.2 0.22 0.22 
S650MC 650 0.12 2.0 0.09 0.2 0.22 0.22 
EN 10149-2 
(ISO 6930-1) 
Thermomechanically rolled 
steels for cold forming 
S700MC 700 0.12 2.1 0.09 0.2 0.22 0.22 
E355M/ML 355 0.16 1.6 0.05 0.10 0.05 - 
E420M/ML 420 0.18 1.7 0.05 0.12 0.05 - ISO 4951-3 
High yield strength steel bars 
and sections 
thermomechanically-rolled 
steels E460M/ML 460 0.18 1.7 0.05 0.12 0.05 - 
Grade 50 345 0.23 1.35 0.05 0.15 0.04 - 
Grade 55 380 0.25 1.35 0.05 0.15 0.04 - 
Grade 60 415 0.26 1.35 0.05 0.15 0.04 - 
ASTM A572 
High strength low alloy 
niobium vanadium 
structural steel 
Grade 66 450 0.23 1.65 0.05 0.15 0.04 - 
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Table 101: Some details from standards related to hot-rolled high-strength steels for pressure purposes 
  Grade YS C Mn Nb V Ti (Nb+V+Ti)
   MPa max max max max max max 
P355M/ML1/ML2 355 0.14 1.6 0.05 0.10 0.05 0.15 
P420M/ML1/ML2 420 0.16 1.7 0.05 0.10 0.05 0.15 EN 
10028-5 
steels for pressure 
purposes 
thermomechanically 
rolled P460M/ML1/ML2 460 0.16 1.7 0.05 0.10 0.05 0.15 
 
Table 102: Some details from standards related to steels for pipelines a 
 
  Grade YS C Mn Nb V Ti (Nb+V+Ti)
   MPa max max max max max max 
EN 10208-2 Steel pipes for L415MB 415 0.16 1.60 0.05 0.08 0.06 0.15 
NEN, DIN pipe lines for   0.12 1.80 0.05 0.08 0.06 0.15 
2008 combustible fluids L450MB 450 0.16 1.60 0.05 0.10 0.06 0.15 
 class B   0.12 1.80 0.05 0.10 0.06 0.15 
 welded pipes L485MB 485 0.16 1.70 0.06 0.10 0.06 0.15 
 t <= 25 mm   0.12 1.90 0.06 0.10 0.06 0.15 
  L555MB 555 0.16 1.80 0.06 0.10 0.06 0.15 
    0.12 2.00 0.06 0.10 0.06 0.15 
API 5L / Specification L415M or X60 415 0.12 1.60 - - - 0.15 
    0.09 1.75     
ISO 3183 for line pipe L450M or X65 450 0.12 1.60 - - - 0.15 
    0.09 1.75     
Oct. 2008 Product specification L485M or X70 485 0.12 1.70 - - - 0.15 
    0.06 2.00     
 level 2 L555M or X80 555 0.12 1.85 - - - 0.15 
    0.06 2.00     
 Welded pipe L625M or X90 625 0.10 2.10 - - - 0.15 
    0.08 2.20     
 t <= 25 mm L690M or X100 690 0.10 2.10 - - - 0.15 
    0.08 2.20     
  L830M or X120 830 0.10 2.10 - - - 0.15 
    0.08 2.20     
a Numbers in italics show that increased levels of Mn are allowed when C max is reduced 
In the following sections, arguments are given in support of changing the Euronorms EN 10025-4, EN 
10028-5 and EN 10208-2 with respect to the upper limit of niobium allowed in thermomechanically 
rolled steels. Sections 8.5.3.2 to 8.5.3.9 are mainly addressed at the structural steel standard EN 
10025-4 while section 8.5.3.10 deals with EN 10208-2. 
 
6.5.3.2 Issues related to niobium microalloying 
 
The reasons for the current limitations on niobium microalloying in the above Euronorms are unknown. 
Therefore, when proposing any increase in the maximum level of niobium allowed in 
thermomechanically rolled structural and pipeline steel, it is necessary to address the possible 
objections that might be raised on the basis of current knowledge about niobium microalloying.  Areas 
of concern might be the properties and behaviour of the plate (1) as delivered, (2) after arc welding, or 
(3) after cold bending. 
Considering the steel as delivered, standards require basic strength, ductility and impact toughness 
properties that the steelmaker must achieve irrespective of the chemical composition of the steel. 
Therefore, the basic mechanical properties of the steel in its delivery condition should not be a cause for 
concern.  Through-thickness ductility, which is not covered by 10025-4, is considered in section 6.5.3.3. 
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Another technological property that should be considered is the influence of niobium on tendency to 
strain ageing as this changes the ductility and toughness of the steel from that of the delivery condition. 
The influence of niobium on the technological properties of the steel in the workshop or pipe mill is 
also important. Strain ageing is an issue when cold forming is used.  In addition, the influence of 
niobium on hydrogen cracking susceptibility needs to be considered as does the influence of niobium on 
weld metal and heat affected zone toughness both as-welded and after post-weld heat treating.  
 
Of course, one of the most important issues to consider is the benefit to be gained by allowing higher 
levels of niobium.  These have been demonstrated in the other work packages of this project and they 
are treated in the cost benefit analysis of work-package 5. 
 
6.5.3.3 Through-thickness ductility 
 
In work-package 3, coarse particles containing niobium were occasionally found on the centre-lines of 
continuously cast slabs.  These were assumed to be the result of the eutectic reaction L => Fe + NbC in 
interdendritic centre-line segregation.  Such eutectic particles have been identified elsewhere in cast 
material containing niobium.  Heikkinen and Packard [34] showed that for 0.06 - 0.24% C a small 
amount of Fe + NbC eutectic is formed for all niobium contents in the range 0.02 - 0.17%, with the 
amount of eutectic increasing with increasing amounts of niobium and carbon. It was also showed that 
eutectic NbC remains un-dissolved during typical simulated slab reheating of 3 h at 1240 oC and 
become elongated stringers during the rolling process.  
Un-dissolved eutectic NbC particles can conceivably reduce the through-thickness ductility of thick 
structural plate. Matsui, Sato and Tanaka [35] showed that for 0.11 to 0.26% C and 0.02 to 0.07% Nb, 
the sum (% C + 2.5x%Nb) must exceed a critical level for eutectic NbC to appear.  The critical level 
was found to be dependent on the cooling rate through the liquidus - solidus range, but independent of 
other alloying elements such as Si, Mn, Cr, Ni, V, and Mo.  
EN 10025-4 currently accepts 0.05 Nb in combination with 0.16 C giving %C + 2.5x%Nb = 0.285.  The 
same tendency for eutectic NbC to appear would be given by 0.10 Nb together with 0.035 C. However, 
interdendritic segregation is smaller when C < 0.10 % compared to C > 0.1%, due to the absence of the 
peritectic reaction and fast back diffusion in ferrite.  Therefore, the factor 2.5 in the Matsui “carbon 
equivalent” is likely to decrease for very low carbon levels, allowing even higher additions of Nb before 
eutectic NbC appears in appreciable amounts. 
In the case of structural plates subjected to through-thickness loading, through-thickness ductility 
properties as specified in EN 1993-1-10 [36] and EN 10164 [37] should be specified, in which case 
steelmakers will be required to choose combinations of carbon and niobium that can meet the required 
Z quality class (Z15, Z25, Z35).  Consequently, it is unnecessary to limit niobium in the material 
standard on the basis of the possible presence of un-dissolved eutectic NbC.  Table showed that very 
good through-thickness ductility was obtained in the case of the steels studied here. 
 
6.5.3.4 Strain ageing 
 
Strain ageing is caused by the diffusion of free carbon and nitrogen to dislocations introduced during 
cold deformation, such as in straightening or bending operations.  If the steel contains free nitrogen, 
ageing can occur at room temperature due to the diffusion of nitrogen to dislocations.  If the steel 
temperature is raised to about 200oC or more, for example as a result of welding, strain ageing occurs 
rapidly due to the diffusion of very small quantities of free carbon even in the absence of free nitrogen. 
Often, nitrogen-induced strain ageing is controlled by the presence of nitride formers such as titanium 
or aluminium.  However, the presence of some free carbon (10-20 ppm) cannot be avoided except in 
special circumstances in the case of interstitial free deep drawing sheet steels.  Strain ageing results in 
an increase in strength, a reduction in elongation to fracture and an increase in ductile-brittle transition 
temperature, which appears as a reduction in impact and fracture toughness.  These property changes 
are also brought about by straining alone: the effects increase with increasing cold deformation.  They 
are usually further increased by subsequent ageing. Such is the situation for all structural and, for that 
matter, pipe line steels. 
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As a result of the unavoidability of strain ageing, EN 1993 restricts the extent of welding close to 
cold-formed areas. Table 4.2 in EN 1993-1-8 [38] shows that for nominal degrees of cold forming up to 
5% (r/t >= 10) there is no restriction on welding in cold-formed areas provided the steel is fully killed. 
Welding close to cold-formed areas is acceptable provided the material is not thicker than a critical 
limit (t < 6 - 24 mm) dependent on the degree of cold forming (r/t = 1 - 3).  Details are given in Table. 
Cold bending together with welding is widely used, for example in structures containing the low-carbon 
cold-formable steels specified in EN 10149, see Table.  These low-carbon steels (max 0.12%C) can 
contain up to 0.09% Nb and are successfully used in welded cold-formed structures.  
Table 103: Limitations on welding near cold-formed regions according to EN1993-1-8. 
 Cold deformation Maximum thickness allowed without restrictions, mm
r/t strain In general Fully killed 
 % Static load Fatigue load Al>=0.02% 
>=25 <=2 no limit no limit no limit 
>=10 <=5 no limit 16 no limit 
>=3.0 <=14 24 12 24 
>=2.0 <=20 12 10 12 
>=1.5 <=25 8 8 10 
>=1.0 <=33 4 4 6 
No welding in the shaded region below if thickness limitations are exceeded 
 
 
 
The transition temperature shifts brought about by strain ageing are taken into account in EN 1993-1-10 
[38], which require the degree of cold forming to be considered when selecting the impact toughness of 
the base plate.  The transition temperature is assumed to increase by 3 degrees Celsius for each 
percentage unit of nominal bending strain, given by 100/(1+2r/t).  The shift is independent of steel 
chemistry and processing route. 
The use of higher levels of niobium than 0.06% in low-carbon thermomechanically rolled steels is not 
expected to have a detrimental effect on strain ageing behaviour.  The steels under consideration for 
higher niobium alloying have even lower maximum carbon contents than specified in EN 10149, where 
0.09%Nb is already allowed.  Also, it has been shown in work packages 1, 2, 3, and 4 that the low-
carbon high-niobium concept results in very good combinations of yield strength and impact transition 
temperature.  The toughness reserve provides additional safety against straining and ageing. 
The above conclusion is supported by the results presented in Figure 85, where it was seen that the 
effects of strain ageing in cast 81913 were small: the transition temperature shifts caused by the 
combined effects of straining and ageing were less than the 3oC/strain percent considered as typical for 
the effect of straining alone in EN 1993-1-10. Indeed, Table 91 showed that for this steel, all of the 
transition temperature shift was caused by straining alone, with no additional shift due to ageing.  
In conclusion, the strain ageing behaviour of high-niobium low-carbon steels is not a reason for limiting 
the niobium content of low-carbon high-strength structural steels or steels for pipelines.      
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6.5.3.5 Hydrogen cracking 
 
EN 1011-2 Welding.  Recommendations for welding of metallic materials. Part 2: Arc welding of 
ferritic steels [39] contains an informative annex with procedures for estimating preheat requirements 
based on steel chemistry.  Two methods are given.  One is based on the IIW carbon equivalent CEV and 
the other on another equivalent, CET.  Neither equivalent takes account of niobium as such, but both 
methods are restricted to a maximum of 0.06%Nb.  In addition, manganese is limited to 1.7% max for 
CE and 1.9% max for CET.  Consequently this standard will not be appropriate for evaluating preheat 
requirements of the current high-niobium low-carbon steels.   
EN 10025-4 specifies maximum values for carbon equivalents according to the IIW formula: 
   CEV = C+Mn/6+(Cu+Ni)/15+(Cr+Mo+V)/5. 
The formula is based on work originally done by Dearden and O’Neill [40] using C and C-Mn steels 
with carbon contents in the range 0.10 - 0.31%.  It provides a means of limiting alloy additions to keep 
heat affected zone (HAZ) hardness below 350 HV for a given heat input in the controlled thermal 
severity (CTS) test. Consequently, CEV is a measure of HAZ hardenabilty.  
Susceptibility to hydrogen cracking depends on the susceptibility of the HAZ microstructure to cracking 
under the contraction stresses that develop during welding, which is not the same as HAZ hardness. 
Even ignoring this fact, CEV does not include the effect of niobium, nor is it likely to work well for 
very low carbon contents.  Indeed, Yurioka et al [41] have shown that the carbon equivalent Pcm is 
better for C <=0.16% while CEV is valid for C >=0.20%.  Their study covered 0.034% =< C <= 
0.254%.  They proposed a new carbon equivalent, CEN, that was close to Pcm for low carbon and 
closer to CEV for high carbon: 
   CEN = C + A { Si/24 + Mn/6 + Cu/15 + Ni/20 + (Cr + Mo + V + Nb)/5 + 5B} 
   Where A = 0.75 + 0.25 tanh{20(C-0.12)} 
Factor A changes from 0.98 to 0.53 as the carbon contact decreases from 0.20 to 0.05 wt. % 
CEN and CEV are almost the same for C > 0.16%, provided the niobium content is zero, Figure 101.  
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Figure 101: The influence of carbon content on CEV and CEN 
However, the term A weakens the effect of alloying elements as the carbon content decreases.  The 
formula also includes the effect of niobium. Due to the term A, the effect of niobium depends on the 
carbon content. The relative effects of C and Nb on hydrogen cracking are as follows: 
   C = 0.20%  CEN = C + Nb/5 + … 
   C = 0.10%  CEN = C + Nb/7.5 + … 
   C = 0.05%  CEN = C + Nb/10 + … 
Graville [42] has shown that for C < 0.11%, hydrogen cracking sensitivity can be described by the 
formula:  
   CEs = C + Mn/16 - Ni/50 + Cr/23 + Mo/7 + Nb/8 + V/9 
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that is   C < 0.11%  CEs = C + Nb/8 + … 
which indicates a similar influence of Nb and C to that derived from the Yurioka CEN formula. 
The current restrictions on carbon and niobium for the higher strength grades in EN 10025-4, Table, are 
C max 0.16 and Nb max 0.05. Should the niobium limit be raised from 0.05% to 0.15%, the above 
formulae suggest that it would be compensated by reductions in the carbon content of (0.15 - 0.05)/5 to 
(0.15 - 0.05)/10, i.e. 0.02 to 0.01.  The steels of interest here have carbon contents of less than 0.08%, 
i.e. 0.08 lower than the current limit, more than necessary to compensate for higher levels of Nb. 
The Tekken test results also showed that the current high-strength low-carbon compositions are very 
resistant to hydrogen cracking in the Tekken test.  No preheating was required for welding with normal 
levels of hydrogen and only moderate preheating in the case of welding with cellulosic electrodes.  
It can be concluded that higher levels of niobium can be allowed without increasing the risk of 
hydrogen cracking when carbon is limited to lower levels. 
 
6.5.3.6 Weld metal toughness 
 
Weld metal toughness depends on the chemistry of the weld metal and the cooling rate of the weld.  
Due to dilution, higher niobium contents in the base plate lead to higher levels in the weld metal, 
especially in high-dilution welding processes such as submerged arc welding, where the level of 
dilution can be as high as 70%.  However, it is clear from the HIPERC results in work packages 2 - 4 
that good weld metal toughness can still be obtained when the base plate contains approximately 0.10% 
Nb even using submerged arc welding.  While the high niobium content of the present steels is 
detrimental to weld metal toughness under conditions of high dilution, their low carbon content 
counteracts the effects of niobium by giving lower levels of carbon in the weld metal, which is 
beneficial for toughness.  
Similar results have been found elsewhere.  For example, Signes and Baker [43] showed that 
submerged arc welding of 19 mm thick low-carbon high-niobium plates produced good weld metal 
toughness at -46oC using three different wire - flux combinations.  The steels studied contained 0.08 C 
1.5 Mn and 0.03 - 0.15 Nb.  They concluded that weld metal toughness should not be a limiting factor 
even for the highest niobium content. 
Bersch and Kaup [44] studied 18 mm thick steels containing 0.09 C 0.2 Si 1.45 Mn 0.05 Al and 
0 - 0.18%Nb.  They showed that for manual metal arc and MAG welding impact toughness was 
unchanged at -20oC even for an addition of 0.18% Nb to the base plate; the reason being that even then 
the base plate only contributes 0.01% Nb to the weld metal. In the case of multipass SAW, they showed 
that weld metal impact toughness at -20oC was reduced by higher levels of niobium, but that 
sufficiently high values could be maintained even for 0.18% Nb.  For higher-dilution two-pass SAW, 
which is commonly used in spiral pipe welding, good impact toughness could be obtained in the weld 
metal provided suitable welding consumables were selected.  
Taking the HIPERC results together with other results from the literature, it can be seen that low-carbon 
steel (C =< 0.09%) with niobium levels in the range 0.10 to 0.18% can be welded with good weld metal 
toughness at -20oC or lower even in the case of high-dilution SAW.  
6.5.3.7 Heat affected zone and fusion line toughness 
 
The results from work packages 2 - 4 showed that very good impact toughness can be obtained on the 
fusion line and in the HAZ for the high-niobium low-carbon compositions studied as industrial heats.  
In work package 1, it was shown that, for the range of laboratory compositions studied, there are no 
statistically significant detrimental effects of niobium on the 27 J or 50% upper shelf energy transition 
temperatures of simulated coarse-grained HAZs.  This result is valid for 0.05 - 0.12 % Nb and 
0.02 - 0.07 %C.  The low carbon content of the present steels is however beneficial to HAZ toughness: 
decreasing carbon from 0.09% to 0.04% reduces the 50% upper shelf energy transition temperature for 
the coarse-grained HAZ by about 25°C for t8/5 = 30 s. 
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Similar results have been obtained in earlier research.  Figure 102 shows the toughness of simulated 
coarse-grained HAZs for a wide range of cooling rates, comparing two pipe steels based on 0.09 %C 
0.035 %Nb 0.08 %V on the one hand and 0.03 %C 0.10 %Nb on the other [45].  Typical weld cooling 
rates range from about 10 - 60 °C/s (corresponding t8/5 values of roughly 30 - 5 s).  shows that the use of 
lower carbon produces large improvements in HAZ toughness even in the presence of high niobium..  
 
 
Figure 102:  The Charpy V impact toughness of the simulated coarse-grained HAZ for a range of 
cooling rates. Peak temperature of 1350oC 
 
Bersch and Kaup [44] also showed that good HAZ impact toughness at -20oC can be obtained in two-
pass tandem SAW of 18 mm thick steel containing 0.09C 0.2 Si 1.45 Mn 0.05 Al and up to 0.18 Nb. 
Similar results were reported by Hulka and Heisterkamp [46]. 
 
Signes and Baker [43] studied the weldability of 19 mm thick plate made from 4 heats with 0.08 C, 1.5 
Mn and Nb at 0.03, 0.06, 0.12 and 0.15%. Plate yield strengths were in the range 440 - 490 MPa.  They 
used tandem SAW with one pass per side at an arc energy of 3 kJ/mm.  Fusion line Charpy V impact 
toughness (50% weld metal/50% HAZ) at -46oC actually improved with increasing levels of Nb, see 
Figure 103.  
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Figure 103: Fusion line Charpy V toughness vs. niobium content for 0.08%C 1.5%Mn 19 mm thick 
plate welded with one pass per side at 3 kJ/mm (60 - 65% dilution) 
 
Signes and Baker also showed that there is a strong interaction between carbon and niobium as regards 
fusion line impact toughness at -46oC: as carbon content decreases over the range 0.18 - 0.08, the effect 
of niobium on FL toughness changed from being negative to positive.  The negative effect of niobium 
on fusion line and HAZ toughness at high carbon contents may explain the limitation of Nb to a 
maximum of 0.05 - 0.06 in most standards since the standards have been designed to allow the use of 
carbon up to 0.16%.  As shown above, the situation is very different in the case of carbon contents of 
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about 0.08% and below, in which niobium contents even up to 0.18% can still be welded with good 
HAZ impact toughness. 
 
6.5.3.8 Weld toughness after post-weld heat treatment 
 
Post-weld heat treatment (PWHT) is usually not used in structural or pipeline applications.  Therefore, 
normally the properties of welds after PWHT will not be a limiting factor when considering the limits 
on niobium microalloying in standards for structural steel or pipeline applications.  It may be 
appropriate, however, for standards to mention the fact that PWHT will reduce the toughness of the 
weld metal and HAZ in the case of high levels of niobium microalloying combined with low levels of 
carbon.  Assessment of the effect of post weld heat treatment on the impact transition behaviour of two 
steels was shown in Figure 86 and Figure 87, and these showed that impact transition temperatures were 
shifted to higher temperatures, by 40 – 50 oC, but they were still good at about - 40 oC.  It is thought that 
the shift in transition temperature was due to precipitation hardening, which also raised the hardness of 
the weld and HAZ by 10 – 30 HV. 
Bersch and Kaup [44] showed that for two-pass submerged arc welds in 0.09 C steels PWHT for 2 h at 
550oC caused an increasing reduction in weld metal Charpy toughness with increasing levels of base 
plate niobium over the range 0 to 0.18%.  At 0.18% Nb the Charpy V toughness in the weld metal was 
less than 27 J at -20oC.  The drop in toughness was accompanied by an increase in weld metal tensile 
strength and both were attributed to precipitation of NbC due to the presence of substantial amounts of 
niobium in solution in the weld metal in the as-welded state. 
The effect of PWHT on weld toughness is not solely an issue for high niobium contents: HAZ 
toughness is also known to be impaired in the case of vanadium microalloying for similar reasons.  
 
6.5.3.9 High-niobium low-carbon steel in pipelines 
 
In work packages 2 and 3 it has been shown that the low-carbon high-niobium concept can be used to 
make UOE and spiral welded pipe in strength classes X65 - X80.  It has been shown that the pipes have 
good combinations of strength and toughness as measured using Charpy V and drop weight tear testing. 
The girth weldability of the pipes was good and the pipe samples performed well in wide-plate tests. 
X80 pipes made according to the low-carbon high-niobium concept are currently in use in 600 km of 
pipe in the USA and there have been no reported problems with the use of these steels [29]. 
 
Steels for pipe lines are specified in EN 10208-2, which currently limits the level of niobium to 0.06% 
in all of the higher strength grades, as shown in  
 
Table. This is unfortunate because it leads to unnecessarily expensive steels by forcing steelmakers to 
use more expensive alloying elements such as molybdenum where high niobium levels would suffice. 
The resultant solutions can be more expensive both financially and environmentally. 
In contrast to EN 10208-2, the recently harmonised API 5L/ISO 3183 standards recognise that higher 
levels of niobium can be used to advantage when carbon is less than 0.12-0.10% and only limit the total 
level of microalloying through Nb+V+Ti =< 0.15, which allows niobium to be alloyed up to 0.15% in 
the absence of other microalloying elements. 
 
6.5.3.10  Manganese levels in low-carbon structural and line pipe steels 
 
Work-package 1 showed that good combinations of mechanical properties could be obtained in the 
present low-carbon steels with manganese contents at least up to 2.1%.  Indeed, the results showed that 
better combinations of yield strength and toughness are obtained by increasing manganese and reducing 
carbon; the regression formulae show that increasing strength by 1 MPa using Mn raises the transition 
temperature by 0.4oC compared to 1.4oC when the increase is brought about using C.  This fact is also 
recognised in the line pipe steel standards EN 10208-2 and API 5L/ISO 3183, which allow higher upper 
limits for manganese in the case of lower carbon contents, see Table 102.  In higher carbon steels, 
manganese is limited to lower levels because of the risk of strong centre-line segregation when the steel 
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solidifies to austenite. When C < 0.12% solidification takes place mainly to delta-ferrite, which leads to 
lower levels of segregation thereby allowing higher manganese levels.  The structural steel standard EN 
10025-4 needs revising, however, as it limits manganese to a maximum of 1.7% irrespective of carbon 
content.  
 
6.5.4 Conclusions and recommendations 
 
HIPERC has been concerned with the use of relatively high levels of niobium in very-low-carbon 
steels. Laboratory-scale heats and pilot rolling trials simulating air and water-cooled plate production as 
well as hot-rolled strip production have been made.  On the basis of measured mechanical properties, 
regression models for strength, toughness and weldability have been developed allowing the design of 
thermomechanically rolled structural and pipe steel in yield strength classes from 420 to 700 MPa.  
These equations have been verified by the full-scale production of structural steels and linepipe using 
plate mills and hot-strip mills.  Both laboratory and full-scale trials have shown that excellent 
combinations of strength, toughness and weldability can be obtained using carbon contents in the range 
0.02 – 0.07 wt. % and niobium contents in the range in 0.05–0.12 wt. %.  
It has been demonstrated that a low-carbon, high-niobium chemistry allows the full-scale production of 
S420ML in 50 mm thickness and S460ML in 20 mm thickness plate using lower levels of controlled 
rolling and with air-cooling.  The project has also demonstrated that the same approach allows the 
properties of L450MB - L555MB to be achieved in a cost-effective way without the use of more 
expensive alloying elements such as molybdenum and vanadium. 
On the basis of these results together with the literature review above, it is suggested that the 
Euronorms EN 10025-4 and EN 10208-2 should be changed to enable the use of higher levels of 
niobium, up to a maximum of 0.15%, in the case of low carbon contents.  Furthermore, in the case of 
low carbon contents, it is recommended that higher levels of manganese are allowed in the structural 
steel standard EN 10025-4. 
The recommended changes to EN 10025-4 are as follows: 
add a footnote to the current limits on niobium for all grades stating: “For each 0.01% reduction of the 
maximum carbon content, the maximum specified niobium content is increased by 0.01%, up to a 
maximum of 0.15%” 
add a footnote to manganese stating: “For each 0.01% reduction of the maximum carbon content, the 
maximum manganese content is increased by 0.05% up to a maximum of 2.1%.” 
Examples of the above recommendations are given in Table. 
EN 10208-2 can be changed to follow the harmonised API 5L / ISO 3183 with regard to the levels of 
microalloying allowed. The current separate limitations on niobium, vanadium and titanium should be 
replaced by Nb+Ti+V =< 0.15%. 
Furthermore, it is recommended that EN 10028-5 is changed in accordance with the above 
recommendation for EN 10025-4, together with an additional footnote stating that special care should 
be taken to ensure that toughness requirements are met in welds if post-weld heat treatment is 
prescribed in the case of high levels of microalloying. 
Table 104: Proposed upper limits on C, Mn and Nb for S420M/ML and S460M/ML in EN 10025-4 
C max Mn max Nb max 
0.16 1.7 0.05 
0.14 1.8 0.07 
0.12 1.9 0.09 
0.10 2.0 0.11 
0.08 2.1 0.13 
0.06 2.1 0.15 
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9. Appendix A – CCT Diagrams 
0.038C 1.5Mn 0.11Nb 0.48Cu Steel A027 
 
 
0.042C 1.5Mn 0.11Nb 0.44Ni Steel A028 
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0.038C 1.4Mn 0.10Nb 0.32Mo Steel A029 
 
 
0.047C 1.5Mn 0.11Nb 0.44Ni 0.34Mo 0.049Cu Steel A030 
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0.041C 1.5Mn 0.11Nb 0.47Cr Steel A031 
 
 
0.042C 1.5Mn 0.11Nb 0.44Ni 0.48Cu 0.51Cr Steel A032 
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0.041C 1.5Mn 0.11Nb 0.35Mo 0.47Cu 0.50Cu Steel A033 
 
 
0.042C 1.5Mn 0.10Nb 0.43Ni 0.35Mo 0.52Cr Steel A034 
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0.043C 2.0Mn 0.10Nb Steel A035 
 
 
0.043C 2.1Mn 0.11Nb 0.43Ni 0.50Cu Steel A036 
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0.042C 2.1Mn 0.11Nb 0.35Mo 0.49Cu Steel A037 
 
 
0.041C 2.0Mn 0.12Nb 0.51Ni 0.33Mo Steel A038 
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0.043C 2.1Mn 0.12Nb 0.56Cu 0.48Cr Steel A202 
 
 
0.042C 2.1Mn 0.12Nb 0.49Ni 0.49Cr Steel A203 
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0.041C 2.0Mn 0.12Nb 0.33Mo 0.49Cr Steel A041 
 
 
0.042C 2.1Mn 0.11Nb 0.45Ni 0.34Mo 0.53Cu 0.51Cr Steel A042 
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0.025C 1.8Mn 0.05Nb 0.24Ni 0.17Mo 0.27Cu 0.25Cr Steel A043 
 
 
0.019C 1.8Mn 0.08Nb 0.24Ni 0.17Mo 0.29Cu 0.24Cr Steel A044 
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0.092C 1.8Mn 0.05Nb 0.24Ni 0.16Mo 0.30Cu 0.25Cr Steel A045 
 
 
0.070C 1.8Mn 0.08Nb 0.23Ni 0.18Mo 0.28Cu 0.24Cr Steel A046 
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0.042C 1.8Mn 0.12Nb 0.25Ni 0.16Mo 0.30Cu 0.25Cr Steel A047 
 
 
0.043C 1.8Mn 0.11Nb 0.23Ni 0.17Mo 0.30Cu 0.24Cr 0.0030B Steel A048 
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0.042C 1.8Mn 0.12Nb 0.24Ni 0.16Mo 0.30Cu 0.25Cr 0.0006B 0.022Ti Steel A049 
 
 
0.042C 1.9Mn 0.11Nb 0.23Ni 0.16Mo 0.29Cu 0.24Cr 0.0028B 0.021Ti Steel A050 
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0.092C 2.1Mn 0.11Nb 0.50Cu 0.50Cr Steel A039 
 
 
0.091C 2.0Mn 0.12Nb 0.53Ni 0.50Cr Steel A040 
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0.042C 1.97Mn 0.10Nb 0.21Ni 0.21Cu 0.98Cr Steel 81351 
 
 
0.047C 1.73Mn 0.10Nb 0.04Ni 0.07Mo 0.04Cu 0.27Cr Steel 16685 
 
 
 
179
  
 
  
0.053C 1.59Mn 0.10Nb 0.17Ni 0.23Cu 0.26Cr Steel 81913 
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Appendix B:  Welding Procedures  
B1 Welding procedure for girth-welding of 14.6 mm thick, 610 mm diameter pipe, YBWA1. 
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B2 Welding procedure for girth-welding of 14.2 mm thick, 1067 mm diameter pipe, 925332. 
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B3 Welding procedure for 25.4 mm Corus plate PA665 
This plate was butt-welded in 5 passes using the submerged arc welding (SAW) process, reference 
number 121, at a heat input of 4.5 kJ/mm. 
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B4 Welding procedure for 50 mm thick Corus plate GR184 
This plate was butt-welded in 21 passes using the submerged arc welding (SAW) process, reference 
number 121, at a heat input of 3.5 kJ/mm. 
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B5 Welding procedures for 50 mm thick S355EMZ and S450EMZ submerged arc butt-welds. 
 
Preheat: 100°C 
Interpass: 250°C 
Joint Details: 45° Inclusive; Root Gap = 0 mm; Root Face = 0-3 mm 
Wire Separation = 25 mm; Lead Wire 90°; Trail Wire 75/80° from horizontal 
 
Run no. Process Consumable type Wire size(mm) 
Current 
(A) 
Voltage 
(V) Polarity 
Travel 
speed 
(mm/s)
ROOT MCAW ESAB 1517 1.2 180-200 32/33 DC+ve 3.8 - 4 
FILL SAW (Tandem) 
ESAB 12.32 + Ok 10.62 flux 
(Lead Wire) 4.0 500-670 26/33 DC+ve 
7 -10 
 
  (Trail Wire) 4.0 520-650 32/33 AC  
CAP SAW ESAB 12.32 + Ok 10.62 flux 4.0 550-600 32/33 DC+ve 8 - 8.5 
BACK SAW ESAB 12.32 + Ok 10.62 flux 4.0 600-650 32/33 DC+ve 8 - 8.5 
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B6 Welding procedure for laser welds 
 
Plate 
(mm) Weld Type kW 
Speed 
(m/min) 
Focus/ FL 
(mm) 
Gas Flow 
(lpm) 
9 Bead On Plate 11 0.7 508 80 
9 Hybrid butt-weld 9 0.4 504 60 
 
MAG welding parameters 
 
Wire   - Coromig 58 
Diameter  - 1.2 mm 
Wire feed speed - 3.6 m/min 
Stick out  - 15 mm 
Programme No.  - 19 
Gas   - Special Mix 
Separation  - 4 mm 
Current (Average) - 128 to 143 Amps 
Voltage (Average) - 24.3 to 26.2 Volts 
 
Chemical composition of the welding wire. 
 
C Si Mn P S Cr Ni Cu Al sol. Al N Nb Ti O 
0.068 0.58 1.41 0.011 0.008 0.02 0.02 0.02 ND ND ND ND ND ND 
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B7 Welding procedure for 12 mm Oregon steel plate 
This plate was butt-welded in 2 passes using the submerged arc welding (SAW) process, reference 
number 121, at a heat input of 2.0 kJ/mm in pass 1 and 2.6 kJ/mm in pass 2. 
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